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ABSTRACT 
 
 
Hydrogen peroxide has, for many years, been shown to be a very important 
compound due to its wide and varied applications in many industrial processes as well as 
biological systems. Therefore, its detection and measurement represents an important 
analytical issue. Traditional methods such as titrimetry or spectrophotometry have more 
recently been displaced by electrochemical techniques, which have proven to be an 
inexpensive and effective means of hydrogen peroxide determination. Hydrogen 
peroxide is also the final product in many biochemical processes, most notably in 
oxidation reactions employing enzymes such as glucose oxidase where it is used 
extensively as a reporter molecule which is amenable to electrochemical detection. 
 
In this work, a novel electrocatalyst for the reduction of hydrogen peroxide was 
employed as the foundation for the development of an electrochemical biosensor for 
glucose determination. Critical to this development was to understand the nature of the 
novel catalytic material which was based on a modification of silver paste electrodes, 
and the fabrication of an enzyme biosensor platform capable of operating on this 
material. A further key theme that was explored in this work was to make the biosensor 
amenable to fabrication using printing techniques, including screen printing and inkjet 
printing. 
 
With regard to the novel electrocatalyst, it was shown that the modification of silver 
screen printed electrodes (Ag SPEs) with a solution of dodecylbenzenesulphonic acid 
(DBSA) and potassium chloride (KCl) significantly improved the catalytic activity of 
those electrodes towards the electrochemical reduction and decomposition of hydrogen 
peroxide. Characterisation of the modified electrodes was performed by surface analysis 
and electrochemical techniques. Other surfactant/salt combinations were also assessed 
and showed an analogous catalytic effect on the hydrogen peroxide reactions. The 
application of such a phenomenon for the development of novel hydrogen peroxide 
sensors was evaluated.  
 
 XVII 
DBSA/KCl modification was further performed on a range of metallic and metal 
paste electrodes in order to better understand the catalytic process as well as to assess the 
feasibility of other modified materials as hydrogen peroxide sensors. Both the 
electrochemical reduction and decomposition processes were studied and the electrode 
surfaces were also analyzed by microscopic techniques. A kinetic study of the hydrogen 
peroxide decomposition process was also performed. The apparent and heterogeneous 
rate constants for this process were calculated and comparisons between materials were 
carried out. Possible mechanisms for the catalysis are proposed along with identification 
of the most optimal materials and processing methodologies. Further work was 
performed on the DBSA/KCl-modified Ag SPEs. 
 
The most common enzyme used for the development of glucose biosensors is 
glucose oxidase, which oxidizes glucose to gluconolactone in the presence of oxygen, 
leading to the formation of hydrogen peroxide as a product. DBSA/KCl modified Ag 
SPEs were assessed as platforms for the development of a glucose biosensor. A cellulose 
acetate membrane was found to be required to separate enzyme from glucose substrate at 
the electrode surface as well as to form the site for enzyme immobilization. Analytical 
parameters of the glucose biosensor such as limit of detection (LOD), sensitivity and 
reproducibility were evaluated and compared to other systems in the literature. 
 
The application of the inkjet printing technique to the deposition of the modification 
solution was investigated to improve the reproducibility of the biosensor devices since 
such a technique enhances the control of the reagent volume. Comparisons with glucose 
biosensors fabricated by drop-coating were presented. The potential application of inkjet 
printing for the manufacture of an all-printed biosensor was also assessed. In general, the 
notable enhancement towards hydrogen peroxide reactions of Ag SPEs following 
exposure to DBSA/KCl solutions was used for the development of novel enzyme-less 
hydrogen peroxide sensors. These devices were subsequently employed in the 
fabrication of glucose biosensors by immobilization of glucose oxidase onto the 
modified electrode surfaces. Inkjet printing was proven to be a feasible technique for 
 XVIII 
DBSA/KCl modification of Ag SPEs, which represented the first step towards an all-
printed glucose biosensor device. 
 
Although successful in principle, for the fabrication of a glucose biosensor, 
improvements are required to improve the analytical properties of the device which may 
be brought about by further understanding and improvement of the catalytic material. 
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1.1. INTRODUCTION 
 
 Hydrogen peroxide has, for many years, been shown to be a very important 
compound as an intermediate in many industrial processes as well as in many biological 
systems. This has made it highly relevant in the food, environmental, clinical and 
pharmaceutical industries and related areas of research.1, 2 The importance of H2O2 is 
related to its unique oxidising properties. Hydroxyl radicals formed during the 
decomposition of H2O2 are used as oxidising agents in the degradation of organic 
pollutants from water such as the azo dye compounds used in the textile industry, which 
are toxic to aquatic life and carcinogenic to humans.1, 3 H2O2 and its derivatives can also 
be employed as powerful oxidising agents in the synthesis of many organic compounds.4 
Moreover, the decomposition of H2O2 plays a very important role in the manufacture of 
industrial water electrolysers, secondary metal-air batteries and fuel cells.5, 6 Besides its 
many industrial applications, H2O2 can also create problems; its excessive concentration 
as a product of industrial and atomic power stations affects the environment.7 Polymer 
electrolyte membranes (PEM) used in fuel cells may be degraded by the chemical attack 
of hydroxyl free radicals generated from H2O2.8 Regarding medical applications, H2O2 is 
a major reactive oxygen species (ROS) in living organisms and plays a central role in 
causing several life-threatening human diseases. H2O2 is the most valuable marker for 
oxidative stress, which is connected to aging and severe human diseases such as cancer, 
cardiovascular disorders, Alzheimer and related neurodegenerative diseases.7, 9, 10 Many 
enzymatic reactions also create H2O2 as an end-product so its concentration may  be used 
as an indicator of the progress of the reaction.4 Due to these wide and varied 
applications, its determination represents an important analytical issue.  
In the present review, a detailed look at the detection methods of H2O2 is taken, with 
particular emphasis on electrochemical techniques. The most significant materials and 
catalytic mechanisms in the literature to date are discussed, along with the main 
applications of H2O2 detection. 
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1.2. METHODS FOR HYDROGEN PEROXIDE DETECTION 
 
Numerous processes for H2O2 detection have been published in the literature and 
successfully used for specific applications. The techniques employed in the 
measurement of H2O2 tend to consist either of the direct chemical detection of H2O2 or 
indirect measurement as a consequence of its reaction with enzymes, mainly horseradish 
peroxidase (HRP). Direct detection methods are generally prone to interferences and are 
sometimes time-consuming and difficult for automated detection.11 In contrast to this, 
the specific character of the enzymatic reaction between HRP and H2O2 allows H2O2 
determination in the presence of interferences. However, the use of an enzyme brings 
about several drawbacks such as reduced stability (special requirements of temperature, 
pH, and concentration), electron transfer issues and substrate saturation, which affects 
linear calibration range.7, 12  
Laboratory methods for the determination of H2O2 concentrations may be classified 
into five categories as follows: Titrimetry; Spectrophotometry; Fluorescence; 
Chemiluminescence and Electrochemical methods. These will be reviewed, with special 
attention given to electrochemical methods. 
 
1.2.1. Titration methods 
 
Several titration schemes have traditionally been used for the determination of H2O2. 
In the permanganate method, a peroxide solution is titrated with permanganate (VII), 
which is reduced to manganese (II) in the presence of H2O2.13 This method is subject to 
interferences caused by both organic and inorganic substances that react with 
permanganate. Hurdis et al.14 reported the determination of H2O2 by cerate oxidimetry. 
The method consists of the reduction of cerium (IV) in the form of ceric sulfate 
(Ce[SO4]2) to cerium (III) by H2O2 under acidic conditions in the presence of a ferroin 
indicator. No significant difference in results by the cerate and permanganate methods 
was found.15 The iodometric method has been widely used since it was first proposed by 
Kingzett in 1880.16 The method is based on the oxidation of iodide to iodine by H2O2 in 
the presence of a molybdate catalyst and the subsequent titration of the iodine formed 
Chapter 1 
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with a thiosulfate solution using a starch indicator to indicate the endpoint. Catalysis or 
interference from transition metals such as iron, copper, nickel and chromium as well as 
the fading of colour are possible issues that may affect the accuracy of this method. 
 
1.2.2. Spectrophotometric methods 
  
Matsubara et al.17 used a water-soluble titanium (IV)-porphyrin complex, 
[TiO(tpypH4)4+], to determine trace amounts of H2O2. It was observed that the 
absorbance of TiO(tpypH4)4+ at 432 nm decreased significantly in proportion to the 
concentration of H2O2 added, this being due to the consumption of TiO(tpypH4)4+ 
accompanied by the formation of TiO2(tpypH4)4+. This reagent was used for the 
determination of H2O2 in water samples such as tap water and rainwater and absorbance 
was found to be proportional to H2O2 concentration in the range 1.0·10-8 to 2.8·10-6 M. 
Seller18 reported the use of potassium titanium (IV) oxalate for the spectrophotometric 
determination of H2O2 concentrations down to 10 µM. The method seemed to be 
particularly suitable for the determination of H2O2 in the presence of complexing and 
reducing agents, although interference by fluoride was observed. The iodometric method 
is similar to the iodometric titration in that iodide is oxidized to iodine in the presence of 
molybdate catalyst. Then, the I3- species, which is in equilibrium with I2 and I-, is 
measured spectrophotometrically at 351 nm.15 More recently, Sunil and Narayana19 
reported a variation of the iodometric method using toluidine blue as a reagent. The 
liberated iodine bleached the blue colour of toluidine blue measured at 628 nm and the 
decrease in absorbance was directly proportional to H2O2 concentration. The 
modification of the spectrophotometric method improved the measurement of H2O2 at 
low concentrations. Possible interfering agents for this method included transitions 
metals and oxidants such as chlorine. 
 
1.2.3. Fluorescence methods 
 
The spectrofluorimetric determination of H2O2 is generally based on an enzyme 
catalytic oxidation reaction of a fluorogenic substrate by H2O2. Horseradish peroxidase 
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 5 
(HRP) is a haem-containing enzyme and the most commonly used enzyme in H2O2 
determination due to its high selectivity.20 Chang et al.21 developed a sensing probe for 
H2O2 based on the HRP immobilization on Fe3O4/SiO2 magnetic nanoparticles. H2O2 
was activated in the presence of HRP and oxidized non-fluorescent 3-(4-
hydroxyphenyl)propionic acid (HPPA) to a fluorescent product with an emission 
maximum at 409 nm. Liu et al.20 used β-cyclodextrin (CD)-hemin instead of HRP as the 
catalyst in the spectrofluorometric determination of H2O2. 4-methylphenol (p-cresol) 
was used as the substrate because it presented low fluorescence whereas the oxidation 
product showed high fluorescence intensity with a maximum at 410 nm. The use of β-
cyclodextrin solved some of the drawbacks shown by HRP such as its cost and 
instability in solution. Demirata-Öztürk et al.22 reported the determination of H2O2 by 
fluorimetry in the presence of ceric ions.  H2O2 was oxidized by ceric ions 
(nonfluorescent) in acid solution and the Ce(III) ions produced were determined by a 
fluorimetric method at an emission maximum of 360 nm. The spectrofluorimetric 
methods resulted in LODs for H2O2 in the order of nM. However, they were susceptible 
to interference from organic matter in water.15, 21 
 
1.2.4. Chemiluminescence methods 
 
Several chemiluminescence methods for H2O2 determination involve the use of 5-
amino-2,3-dihydro-1,4-phathlazinedione (luminol). When H2O2 is mixed with luminol in 
the presence of a catalyst, the decomposition of H2O2 leads to a sequence of reactions 
resulting in the release of photons from a luminol by-product. Either Co(II) or Cu(II) can 
be used as a catalysts for H2O2 decomposition.15 Hanaoka et al.23 reported the 
determination of H2O2 by chemiluminescence (CL), using a heterogeneous catalyst, 
Co(II)-monoethanolamine complex immobilized on Dowex-50W resin. They developed 
a H2O2 flow sensor, which showed a linear ratio of CL versus the concentration of H2O2 
in the range 2·10-7 → 2·10-5 M and a detection limit of 1·10-7 M (S/N = 3). The 
application of the device to determine H2O2 in rainwater samples yielded satisfactory 
results. The use of luminol is subject to interferences in natural water. 
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Chemiluminescence provided a LOD lower than the titration and spectrophotometric 
methods, although the best values were reported by fluorescence methods, down to 10-9 
M.21 Titration methods seemed to be suitable for H2O2 detection at high concentrations, 
being inaccurate for the determination of H2O2 below 10-3 M. However, 
spectrophotometry allowed H2O2 detection down to 10-6 M, whereas 10-8 M H2O2 was 
achievable by fluorescence and chemiluminescence.15 However, most of these 
techniques employed a partial or total human operation, making the automated 
quantification of H2O2 difficult. Moreover, the above-mentioned methods have proved 
to be time-consuming and highly prone to interferences.24 All these drawbacks have led 
the search for alternative methods for H2O2 detection. 
 
1.2.5. Electrochemical methods 
 
As was mentioned above, the challenge associated with H2O2 detection was its 
accurate quantification at low concentration7 in samples containing possible 
interferences. Thus, one of main drawbacks of the traditional techniques was their 
inability to give precise results in the presence of interferences such as chlorine, which is 
very common in water samples. Recently, electrochemical methods have exhibited the 
potential to be inexpensive and of high sensitivity, resulting in an effective way to 
examine the reactions of many substances.2, 4, 12, 25 Moreover, they are quite selective 
techniques, which allow the determination of a particular analyte by choosing the 
appropriate applied potential, eliminating possible interferences. 
As is well-known, a chemical sensor is a device that transforms real-time chemical 
information of its surrounding environment (from the concentration of a specific sample 
component to total composition analysis), into an analytically useful signal.26, 27 
Generally, chemical sensors contain two basic components connected in series: a 
chemical recognition system (receptor) and a physico-chemical transducer. In the case of 
electrochemical sensors, the analytical information is obtained from the electrical signal 
that results from the interaction of the target analyte and the receptor. According to the 
nature of the electrical signal, the electrochemical sensors can be classified into the 
following categories: Amperometric sensors; Potentiometric sensors; Conductimetric 
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sensors. The main characteristics and transduction mechanisms for such electrochemical 
sensors are shown in Table 1.1.  
 
Table 1.1. Characteristics of electrochemical sensors28 
Transducer Mechanism Signal Example 
Amperometric Electron charge 
transfer reaction 
(Faraday´s law) 
Current (due to production 
or consumption of 
electroactive species) 
Clark electrode 
(Oxygen), fuel 
cells, H2O2 
Potentiometric Multiphase 
equilibrium (Nernst 
equation) 
Potential (due to 
distribution of ionic species 
across phases) 
Glass pH 
electrode, ion 
selective 
electrodes, gas 
sensors 
Conductimetric Variation of 
resistance with 
composition 
Conductance or resistance 
(due to changes in resistive 
elements with absorption-
adsorption events) 
Gas and humidity 
sensors 
 
 
1.2.5.1. Amperometric sensors 
 
Amperometric sensors are based on the measurement of the current resulting from 
the electrochemical oxidation or reduction of an electroactive species. The signal 
transduction process is accomplished by controlling the potential of the working 
electrode at a fixed value (relative to a reference electrode) and monitoring the current as 
a function of time. The applied potential provides the driving force for the electron 
transfer reaction of the electroactive species.26 The resulting current is directly 
proportional to the rate of the electron transfer reaction and, therefore, to the bulk 
concentration of the electroactive species. The relationship between the moles, N, of 
electroactive species reacted (either oxidized or reduced) and the charge passed through 
the sensor, Q, is known as Faraday’s Law: 
 
   N = Q/nF     (Equation 1.1) 
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where n is the number of electrons transferred per mole and F is the Faraday constant (F 
= 96487 C/mol).28  
Many of the current devices for the determination of H2O2 are based on 
amperometric sensors. Li et al.29 reported the development of a disposable amperometric 
biosensor based on the screen printing technique for the commercial detection of H2O2 at 
–0.3 V (vs. a screen-printed Ag/AgCl pseudo-reference electrode). Horseradish 
peroxidase (HRP) was entrapped in a polypyrrole (PPy) film electropolymerized on the 
surface of the carbon screen printed electrode. Potassium ferrocyanide was used as a 
mediator to improve the electron transfer between the enzyme and the electrode. The 
sensor showed a sensitivity of 3.3·10-2 AM-1cm-2 and a relative standard deviation (r.s.d.) 
of 10.24% (n = 5). Mattos et al.30 described the fabrication of amperometric sensors 
selective for H2O2 based on Prussian blue (PB) modified gold (Au) and platinum (Pt) 
screen printed electrodes. Tetrabutylammonium toluene-4-sulphonate when added to the 
buffer was shown to improve the long term stability of the PB films on both Au and Pt 
electrodes. H2O2 determination was performed at –0.05 V (vs. Ag/AgCl) and the 
sensitivities exhibited by the sensors were 2 and 1 AM-1cm-2 for Au and Pt electrodes, 
respectively. Zhang et al.31 developed a sensitive amperometric H2O2 sensor based on a 
glassy carbon electrode modified with a composite made from thionin, EDTA, 
multiwalled carbon nanotubes (MWCNTs) and chitosan (CHIT). Thionin was used as a 
mediator and was covalently immobilized onto the MWCNTs-CHIT film by means of 
EDTA activated by carbodiimide (EDC). The amperometric detection of H2O2 was 
carried out at approx. –0.4 V (vs. Ag/AgCl). The sensor showed high sensitivity with a 
LOD of 6.5·10-8 M (S/N=3) and a reproducibility of 5.6% (r.s.d.) for n = 3. Lately, there 
is an increasing amount of research focus on amperometric probes due to their high 
sensitivity and rapid performance. This has seen amperometric sensors become widely 
used for the determination of H2O2 compared to other electrochemical techniques, as 
will be discussed below. 
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1.2.5.2. Potentiometric sensors 
 
Potentiometric measurements rely on the determination of the potential difference at 
zero current between either an indicator and a reference electrode or two reference 
electrodes separated by a permselective membrane.27 The analytical information is 
obtained by converting the recognition process into a potential difference, which is 
proportional (in a logarithmic fashion) to the concentration (activity) of species 
generated or consumed in the recognition event. The most important feature in a 
potentiometric measurement is that equilibrium conditions are established between 
electroactive species in solution and at the electrode. This is in contrast to the diffusion-
limited condition characteristic of amperometric measurements and leads to relations 
between voltage and concentration that are logarithmic rather than linear. The 
relationship between the potential and the ionic concentration in solution in a 
potentiometric chemical sensor is given by the Nernst equation: 
 
    (Equation 1.2) 
 
where E is the cell potential, Eº is the standard cell potential, z is the number of 
moles of electrons transferred in the cell reaction, and aRed and aOx are the chemical 
activities for the reductant and oxidant species, respectively. 
Potentiometric sensors generally involve the use of ion-selective electrodes (ISEs) 
for obtaining the potential signal.26 An ISE is an electrochemical sensor based on thin 
films or selective membranes as recognition elements. Common potentiometric devices 
are pH electrodes, several other ion (F-, I-, CN-, Na+, K+, Ca2+, NH4+) and gas (CO2, 
NH3) selective electrodes.27 Ngeontae et al.32 reported the use of a Ag-ISE modified with 
a polymeric membrane of benzothiazole calyx[4]arene  as an ionophore for the detection 
of H2O2 and its application to the fabrication of a glucose biosensor. Silver nanoparticles 
(AgNPs) were used as a redox marker and were oxidized to free Ag+ ions by H2O2. The 
log-linear relationship between H2O2 concentration and activity of free Ag+ was 
followed by direct potentiometry. The working linear range for glucose was found to be 
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from 1·10-4 to 3·10-3 M when the electrodes were measured in 1·10-2 M magnesium 
acetate buffer, pH 6.0, with the enzyme in solution. The sensor showed a LOD of 1·10-5 
M and a reproducibility below 7% (r.s.d.) Zheng et al.33 developed a potentiometric 
H2O2 sensor by doping a carbon paste electrode (CPE) with MnO2 and using solid 
paraffin as gluing material. The sensor exhibited a LOD of 1.2·10-7 M and many 
potentially interfering ionic species were shown not to interfere in H2O2 determination, 
except Co2+ and PO43-. The sensor was applied to the quantitative determination of H2O2 
in rainwater samples and good agreement was obtained by comparing the results with 
those of the chemiluminescence method. Kalayci et al.34, 35 used an iodide selective 
electrode for the detection of H2O2 and its subsequent application for glucose 
determination. The iodide selective electrode consisted of 10% of the ion exchanger 
tridodecylmethylammoniumiodide (TDMAI) as the active material, dibutylphtalate 
(DBF) as the plasticiser and PVC as the membrane matrix. Iodide was oxidized by H2O2 
in the presence of a molybdenum (VI) catalyst and therefore, the decrease of iodide 
concentration was proportional to the concentration of H2O2 in the bulk solution. By 
immobilizing glucose oxidase (GOx) on the surface the iodide selective electrode, it was 
used as a biosensor for the determination of glucose content in blood. Potentiometric 
sensors are often very attractive because of their high selectivity, simplicity and low cost 
and they have been more widely used in the past. However, their lower sensitivity and 
often slower response compared to amperometric sensors have lately shifted the balance 
towards the latter. 
 
1.2.5.3. Conductimetric sensors 
 
Conductimetric (or resistive) sensors rely on the electrical resistance change that 
accompanies the interaction of a target analyte with a conductive layer (typically a 
polymer or ceramic) held between two electrodes.28 In the case of conductimetric 
biosensors, changes in substrate and product concentrations resulting from the catalytic 
action of enzymes may bring about a net change in solution electrical conductivity. This 
conductivity change may result from a number of mechanisms: 1. The generation of 
ionic groups; 2. The separation of unlike charges; 3. Proton generation and buffering; 4. 
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Changes in the size of charge-carrying groups, and 5. Changes in the degree of 
association of ionic species.36 In order to thoroughly define the selectivity of the sensors 
and improve their commercial utility, meticulous calibration with a variety of potential 
interferents is required. Conductimetric sensors are generally inexpensive and quite 
simple to construct since they do not need a reference electrode. The conductimetric 
transducers can be manufactured using simple thin film technology, and the voltage can 
be rather small to substantially decrease the power consumption and to reduce safety 
risks when used in living organisms.37, 38 Few conductimetric sensors for H2O2 
determination can be found in the literature because the relatively low impedance of 
aqueous media hinders the proper operation of the sensor. Sergeyeva et al.37 reported the 
fabrication of a conductimetric biosensor for H2O2 determination using tetra-tert-butyl 
copper phthalocyanine (ttb-CuPc) thin film and horseradish peroxidise (HRP) as the 
sensitive element. The ttb-CuPc film is able to change its conductivity in the presence of 
molecular iodine. The sensor was then based on the detection of molecular iodine 
produced as a result of the oxidation of iodide ions by H2O2 in the presence of HRP. A 
scheme of the conductimetric biosensor is shown in Fig. 1.1.  
 
 
 
Figure 1.1. Scheme of a conductimetric biosensor for H2O2 determination.37 
 
 
A hydrophobic gas-permeable membrane (HGPM) was placed on to the iodine-
sensitive film to avoid interferences from the ionic strength and buffer capacity of the 
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aqueous media. A linear range of H2O2 concentration from 0.05 to 3·10-4 M and a 
standard deviation below 10% were obtained with the conductimetric device. 
The high dependence of the conductimetric measurements on the buffering capacity 
of the aqueous solutions has limited their use to gas-sensing applications whereas 
potentiometric and, more particularly, amperometric devices are predominant in 
aqueous-sensing applications.  
 
 
1.3. MATERIALS FOR H2O2 ELECTROCATALYSIS 
 
The main purpose of a sensor recognition system is to provide the sensor with a 
high degree of selectivity for the analyte to be measured.27 Apart from the inherent 
catalytic characteristics of a material towards the analyte, its selectivity may be 
improved by the choice of a suitable electrical potential, by the introduction of a 
catalytic reaction step, through the addition of permselective membranes or by further 
modifications.28 Many materials have been used in the literature for the electrocatalytic 
detection of H2O2. This section will review the most important materials with particular 
interest in the analytical parameters of the sensing devices fabricated from them.  
 
1.3.1. Platinum 
 
Electrochemical detection of H2O2 has been traditionally performed at platinum 
electrodes because of its excellent electrocatalytic properties towards H2O2. Zhang et 
al.39 studied the electrochemical oxidation of H2O2 on Pt disk electrodes in physiological 
buffer at pH 7.4. Amperometric measurements were performed by applying a constant 
potential of 0.65 V (vs. Ag/AglCl). The phenomenon was shown to be strongly 
influenced by factors such as pH, temperature and surface conditioning. Hall et al.40 also 
reported the study of the electrochemical oxidation of H2O2 at a Pt rotating disk 
electrode over a range of concentration and rotation rates. Details about the proposed 
mechanisms for H2O2 oxidation will be given in the next section. Many other H2O2 
sensors are based on further modifications of Pt electrodes. For example, Wang et al.41 
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reported the development of a non-enzymatic electrode for H2O2 sensing based on the 
electro-polymerization of aniline and single-walled carbon nanotubes (SWCNTs) on a Pt 
electrode. The composite film was synthesized in an ionic liquid and provided excellent 
stability and enhanced selectivity towards H2O2 detection. A detection limit of 1.2·10-6 
M and a response time of 4 s were observed by chronoamperometry at approx. -0.35 V 
(vs. Ag/AgCl). 
However, Pt electrodes are expensive and susceptible to poisoning, so require 
meticulous cleaning pretreatment procedures. Also, a resistive oxide film is created on 
Pt surfaces over time at constant potential, altering the electrode response, so 
measurements must either take this into account or allow for the film to reach a stable 
equilibrium before commencing experimentation.4, 42 Moreover, the potential applied for 
H2O2 detection on Pt is inside the potential range for the oxidation of some common 
interfering species, such as ascorbic acid, urea and paracetamol. Therefore, other types 
of electrodes have been studied for the determination of H2O2.  
 
1.3.2. Silver 
 
Silver has proved to be an excellent material for the direct electro-analytical 
detection of H2O2.4, 12 Lian et al.12 reported the enhanced characteristics of a Ag 
electrode towards H2O2 reduction after it was roughened by electrochemical oxidation-
reduction cycles (ORC) in a KCl solution. The improvement in the catalytic activity of 
the roughened electrode was ascribed to the small Ag nanoparticles produced from the 
electrodeposition of Ag+ during the oxidation-reduction process. A LOD of 6·10-6 M, a 
response time of 2 s and a reproducibility of 4.6% (r.s.d., n = 10) were the analytical 
parameters of the sensor obtained at an applied potential of approx. –0.35 V (vs. 
Ag/AgCl). Zhao et al.43 synthesized ‘flowerlike’ silver microspheres, which were used 
to fabricate a H2O2 sensor by immobilization on a glassy carbon electrode. Silver 
structures were obtained by reduction of AgNO3 in the presence of ascorbic acid as 
reductant and poly(vinylpyrrolidone) (PVP) as the stabilizer. Fig. 1.2 shows a typical 
SEM picture of the flowerlike silver microspheres. The sensor exhibited a LOD of 
1.2·10-6 M (estimated at S/N = 3), a response time of 3.5 s and a relative standard 
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deviation less than 5% when the electrode was measured at approx. –0.55 V in PBS pH 
7.0. 
 
 
 
Figure 1.2. SEM image of flowerlike silver microspheres used for the reduction of 
hydrogen peroxide. Inset: high magnification SEM image.43 
 
 
Recently, interest has been shown in using silver nanoparticles for the electro-
analytical detection of H2O2.2, 4, 44 The microelectrode arrays created by the deposition of 
metallic nanoparticles on electrodes have been shown to significantly improve the 
sensitivity of electro-analytical sensing methods due to their large specific surface areas, 
excellent conductivities and biocompatibilities. Welch et al.4 recently reported the 
application of silver nanoparticles (AgNPs) on glassy carbon (GC) electrodes to detect 
H2O2. The nanoparticles were deposited on GC electrodes from a solution containing 
silver nitrate and tetra-n-butylammonium perchlorate in acetonitrile after the application 
of –0.5 V vs. Ag/AgCl for 1 min. A H2O2 reduction wave at approx. –0.7 V vs Ag/AgCl 
was observed by cyclic voltammetry. The LOD of the AgNP-GC device in phosphate 
buffer pH 7.4 was 2.0·10-6 M, with a five times higher sensitivity than that observed at a 
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silver macroelectrode. They also studied how different stripping times influenced the 
distribution and size of the Ag nanoparticles on the electrode surface. In each case Ag 
was deposited for 1 min and they found that longer stripping times led to smaller particle 
sizes. When the Ag nanoparticles were not stripped, the electrode behaved as a Ag 
macro-electrode and H2O2 was reduced directly on the Ag via a mechanism analogous to 
that proposed by Honda et al.45 (see reactions 1.15-1.17 on p20). However, when the Ag 
nanoparticles were stripped, a negative shift in the peak potential and the presence of a 
shoulder in the reduction wave were observed during the determination of H2O2 by 
cyclic voltammetry. The shoulder was attributed to the electrode-reduction of oxygen on 
glassy carbon, produced via the silver-catalysed decomposition of H2O2. Guascito et al.2 
have also reported the use of AgNPs for the analytical determination of H2O2. The 
sensor was fabricated by immobilizing AgNPs in a polyvinyl alcohol (PVA) film on a 
platinum electrode. Cyclic voltammograms and voltammetry showed that AgNPs 
facilitated H2O2 reduction, exhibiting catalytic activity at –0.55 V vs Ag/AgCl. The 
estimated LOD for this electrode was 1.0·10-6 M, based on S/N = 3. 
However, Ag is prone to oxidation when it is in contact with the air and the increase 
in the degree of the electrode oxidation on Ag electrodes leads to a retardation in the 
H2O2 reduction process.45 Ag as a commodity has also seen a recent dramatic increase in 
price which is impacting on its cost-effectiveness as a catalytic substrate.  
 
1.3.3. Other metals and metal alloys 
 
Besides Pt and Ag, many other metals such as Fe, Zn, Cu46 and Pd47 and metal alloys 
such as Pd/Au,48 Pd/Ir, and Au/Pt4 have been employed as catalysts for hydrogen 
peroxide reactions. For example, Zen et al.49 developed a disposable copper-plated 
screen printed carbon electrode (CuSPE) for H2O2 determination at ambient temperature. 
The electrode was prepared by electrochemical deposition of a Cu layer at –0.7 V (vs. 
Ag/AgCl) from a solution containing Cu(NO3)2 on to a carbon screen printed electrode. 
The detection of H2O2 was performed by flow injection analysis (FIA) at a poised 
potential of –0.3 V (vs Ag/AgCl) and a flow rate of 2 ml·min-1. A LOD of 9.7·10-7 M 
(S/N = 3), a sensitivity of 3.45·10-2 AM-1 and a reproducibility of 1.1% (r.s.d., n = 10) 
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were obtained by the device in PBS pH 7.4. Considerable interferences due to Cl- and O- 
ions were reported. Kumar and Sornambikai50 reported the amperometric detection of 
H2O2 in physiological solution (pH 7) by means of a Nafion/Cu particulate modified 
glassy carbon electrode (GCE). The GCE/Nf was first doped with copper (II) ions, 
which were subsequently converted into copper cluster particulate islands by applying a 
potential of –0.7 V (vs. Ag/AgCl) for a determined time. The electrochemical sensing 
experiments were carried out at –0.2 V (vs. Ag/AgCl) and a LOD of 1.63·10-6 M (S/N = 
3) was obtained. The determination of H2O2 in real sample solutions such as milk, 
human urine and green tea was successfully demonstrated with this system. 
Pd, Ru and Pd-Ru nanoparticles have been also investigated as electrocatalysts for 
H2O2.51 The nanoparticles were supported on Vulcan XC-72 carbon and the system was 
characterized by transmission electron microscopy (TEM), X-ray powder diffraction 
(XRD) and electrochemical techniques. After 30 min measurement in 3·10-2 M H2O2, 
Pd-Ru/C catalyst showed higher catalytic activity for H2O2 electroreduction than Pd/C 
and Ru/C. 
 
1.3.4. Protein and enzyme-based sensors 
 
In trying to mimic biological systems, H2O2 has been determined by electrodes 
modified with redox proteins and enzymes such as haemoglobin, soybean peroxidase, 
myoglobin24, 52, 53 and horseradish peroxidase (HRP).24, 54, 55 The latter enzyme has been 
the most commonly used enzyme for construction of H2O2 biosensors due to its ready 
commercial availability in high purity and low cost. Many methods and materials 
including absorption, cross-linking, self-assembly, and gel or polymer entrappment have 
been studied to improve HRP immobilization and transduction in the manufacture of 
H2O2 biosensors, with the aim of achieving high enzyme activity and a sensitive electron 
transducer.56 Yemini et al.57 recently reported the use of well-organized peptide 
monolayers to anchor HRP enzyme molecules on gold electrode surfaces. The electrodes 
were first soaked in a peptide-containing solution for 2 min. They were then rinsed and 
treated with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) to 
subsequently immobilize HRP molecules by covalent bonds. Fig. 1.3 shows the HRP 
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immobilization process onto the collagen-like peptide. The enzymatic activity of the 
immobilized HRP was measured by spectroscopy and a typical current-time curve for 
successive additions of H2O2 was registered at –0.1 V (vs. Ag/AgCl) with response time 
lower than 10 s.  
 
 
 
 
Figure 1.3. Scheme of the electrode preparation: first, the collagen-like peptide is 
immobilized onto the Au electrode; then, the functionalized electrodes are activated 
with carbodiimide (EDC) and HRP is deposited on top. After the process, the 
electrodes were rinsed and air dried.57 
 
 
Several studies have employed self-assembled monolayers (SAMs) for HRP 
immobilization on electrode surfaces57, 58 with the limitations of low biocompatibility 
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and partial activity loss due to the covalent attachment of the enzyme to the monolayer. 
Li et al.56 reported the fabrication of an amperometric biosensor where HRP was 
immobilized on a sandwiched nano-Au particle/ m-phenylenediamine polymer film by 
glutaraldehyde cross-linking. The poly (m-phenylenediamine) film was 
potentiostatically electropolymerized on the surface of a home-made ferrocene-modified 
carbon paste electrode (FCE). Au colloid particles were spread on the electrode surface 
and a new m-phenylenediamine polymerization was then carried out. Once rinsed, the 
enzyme was immobilized on the surface, showing still more than 90% of its initial 
activity after two weeks storage. The sensor presented a detection limit of 1.3·10-7 M and 
was used to determine H2O2 concentration in plant leaf samples. Interfering substances 
such as glucose, ethanol or ascorbic acid were tested, showing less than 1% interference. 
Chen et al.59 reported the incorporation of HRP into a poly(3,4-ethylenedioxy 
thiophene) (PEDT) film and their subsequent use as an amperometric biosensor for H2O2 
sensing. The vapour phase polymerized PEDT films could shrink to 5% of their original 
thickness during a washing step. This advantage was used to successfully entrap HRP 
molecules within a PEDT film following exposure to an ethanol solution containing 
such enzyme. The sensing activity of the device towards H2O2 detection was 
demonstrated by sensing 5·10-3 M H2O2 in phosphate buffered saline solution with a 
sensitivity of 190  µA  cm–2. 
However, the special requirements of temperature, concentration and pH to 
maintain enzyme stability and the difficulties in finding an appropriate method of 
immobilization of the enzyme on a solid surface as well as the saturation with the 
substrate, which affects linear calibration range, have led the search for alternative non-
enzymatic process to H2O2 determination.7, 12  
 
1.3.5. Other materials 
 
Another widely used material in H2O2 detection is ferric hexacyanoferrate or 
Prussian blue (PB). This reagent was first used for selective detection of H2O2 by its 
reduction in the presence of oxygen by Karyakin’s group.60 Thereafter, many studies of 
the electrocatalytic reduction of H2O2 by PB have been performed. It has been shown as 
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the most advantageous peroxide transducer. Thus, compared to platinum, PB modified 
electrodes are three orders of magnitude more active in H2O2 reduction and oxidation in 
neutral media and three orders of magnitude more selective for H2O2 reduction in the 
presence of O2.7, 61 Recently, the possibility for nanostructuring of PB by its 
electrochemical deposition through lyotropic liquid crystal templates has been reported. 
The detection limit of the resulting sensor was 1·10-8 M and a linear calibration range for 
H2O2 concentrations from 1·10-8 to 1·10-2 M was shown.7  
Many polymers have also been used in the catalytic detection of H2O2. For example, 
the electrochemical H2O2 reduction on poly (p-aminobenzene sulphonic acid) (PABS)-
modified glassy carbon electrodes was studied. The enzyme-less amperometric sensor 
showed a linear range of detection of 0.5 to 5·10-4 M H2O2 and a LOD of 1·10-5 M (S/N 
= 3) from the amperometric curves obtained at –0.7 V vs. Ag/AgCl.25 This polymer-
based H2O2 sensor device showed worse sensing parameters than previously reported 
examples. Daly et al.62 evaluated the use of three polymers (polypyrrole, polyaniline and 
1,3-diaminobenzene) for the suppression of interferents during H2O2 detection on 
metallised (Ru, Rh, Pt) carbon electrodes. The electrodes were measured at +0.65 V (the 
potential required for electrocatalysis of H2O2 using non-membrane electrodes) and at 
+0.10 V (vs. Ag/AgCl) in the presence of H2O2 and interferents such as L-ascorbic acid, 
acetaminophen, L-cysteine and uric acid. The latter applied potential was shown to 
provide the maximum H2O2: interferent ratio. 
 
 
1.4. CATALYTIC MECHANISMS FOR H2O2 DETECTION 
 
H2O2 is a colourless liquid, slightly more viscous than water (density = 1.11 g/ml, 
giving a molarity of 9.8 M)63 and completely miscible in water and alcohol. It behaves 
as a weak acid (pKa = 11.6) and at alkaline pH’s it deprotonates to form a perhydroxyl 
ion along with a hydrogen ion:15, 64 
 
   H2O2 ⇄ H+ + HO2-    (reaction 1.1) 
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H2O2 is unstable with respect to disproportionation and it decomposes to oxygen 
and water exothermically. In practice, however, it is not very labile and survives 
reasonably well at moderate temperatures and low and moderate pH. Nevertheless, it 
will rapidly decompose when catalytic agents (like iron) are present.65 The reaction 
corresponding to the decomposition of H2O2 is the following:  
 
   2 H2O2 → O2 + 2H2O    (reaction 1.2) 
 
H2O2 is considered a strong oxidizing agent, but is dependent on the pH. The half-
cell reaction for H2O2 in acidic and neutral aqueous solutions is as follows:39 
 
   H2O2 + 2H+ + 2e- → 2H2O   (reaction 1.3) 
 
The standard potential for reaction 1.3 is 1.76 V, so H2O2 behaves as a powerful 
oxidizing agent in acid solutions, although generally it requires activation to exhibit such 
properties.15, 64 In basic solutions, however, the half-cell potential is lower (E0 = 0.87 V) 
because of the presence of the perhydroxyl ion rather than of the H2O2 molecule: 
 
   HO2- + H2O + 2e- → 3OH-   (reaction 1.4) 
 
H2O2 can also behave as a reducing agent. The half-cell reaction in acid solutions is 
the following:  
 
   H2O2 → 2H+ + O2 + 2e-   (reaction 1.5) 
 
The standard potential for reaction 1.5 is –0.69 V.64 The corresponding half-cell 
reaction in basic conditions has a standard potential of –0.08 V and is:66 
 
HO2- + OH- → O2 + H2O + 2e-  (reaction 1.6) 
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Generally, electrochemical reactions of H2O2 presents slow electrode kinetics on 
many electrode materials and as a result, high overpotentials are required.4 
Many mechanisms have been proposed in the literature for the electrochemical 
oxidation and reduction of H2O2, which are reliant on the catalyst material. Some of the 
most important mechanism will be reported below. 
Pt has been widely used as a catalyst for the electrochemical oxidation of H2O2.40 
However, the electro-oxidation of H2O2 in the neutral pH range is not yet fully 
understood. Most studies were performed under extreme pH conditions which simplified 
the electrode mechanism because either [H+] or [OH-] was high enough to give 
reproducible results. Moreover, the catalytic decomposition of H2O2 on a Pt electrode 
has been a major problem for the oxidative detection of H2O2 as the current efficiency 
depends on the rate of catalytic decomposition.39 On the other hand, the oxidation of 
H2O2 is favoured on oxidized Pt surfaces as the potential region had previously been 
shown to correspond to platinum oxide film formation. Hickling and Wilson67 first, and 
Lingane and Lingane68 later suggested that the oxidation of H2O2 on Pt occurred through 
the initial reduction of the Pt oxide film by H2O2 followed by the re-oxidation of Pt to Pt 
oxides, according to the following scheme: 
 
  PtO + H2O2 → Pt + H2O + O2   (reaction 1.7) 
  Pt + 2OH- - 2e- → PtO + 2H2O   (reaction 1.8) 
 
Gorton48 proposed a similar mechanism for the oxidation of H2O2 at Pd. A carbon 
electrode was modified by vapour deposition of a thin layer of a mixture of Pd and Au. 
Assuming that Au only acts to aid dispersion of Pd, H2O2 oxidation was proposed to be 
dependent on surface oxide films in a similar manner to that previously reported for Pt 
and follows the scheme:40, 48  
 
  Pd(OH)2 + H2O2 → Pd + 2H2O + O2  (reaction 1.9) 
  Pd + 2H2O → Pd(OH)2 + 2e- + 2H+   (reaction 1.10) 
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H2O2 reduces the metal oxide film to the metal, which is re-oxidized 
electrochemically. Johnston et al.69 also studied H2O2 oxidation on Pd/Au thin-film 
electrodes. They found similar results to those of Gorton and suggested a surface 
binding site model incorporating reactions 1.11 and 1.12 to correct the deviation of the 
linearity observed by the latter:  
 
   H2O2 bulk → H2O2 surface   (reaction 1.11) 
  H2O2 surface + Pd(OH)2 ⇄ Pd(OH)2· H2O2  (reaction 1.12) 
  Pd(OH)2· H2O2 → Pd + 2H2O + O2   (reaction 1.13) 
  Pd + 2H2O → Pd(OH)2 + 2H+ + 2e-   (reaction 1.14) 
 
The first step of the mechanism involved the diffusion of H2O2 to the electrode 
surface. The surface complex was assumed to be in rapid equilibrium and the anodic 
potential was high enough so that reaction 1.14 was more rapid than 1.13. 
Honda et al.45 studied the electrochemical reduction of H2O2 at a Ag electrode in 
acidic solution. The proposed mechanism for the cathodic reaction was the following: 
 
   H2O2 + e- → OH(a) + OH-   (reaction 1.15) 
   OH(a) + e- → OH-    (reaction 1.16) 
   2OH- + 2H+ → 2H2O    (reaction 1.17) 
 
where OH(a) designates the adsorbed state. Reaction 1.15 was considered as the rate-
determining step and the whole mechanism was the same as suggested for the reaction 
on Ag in alkaline solution66 and on other metal electrodes. The mechanism concluded 
for the anodic reaction was: 
 
   Ag ⇄Ag+(s) + e-    (reaction 1.18) 
   Ag+(s) → Ag+(b)    (reaction 1.19) 
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where (s) and (b) designate the state of Ag+ near the electrode surface and in the 
bulk of the solution, respectively. The detection of Ag+ by chemical analysis confirmed 
the dissolution of Ag, although reaction 1.19 was considered as the rate-determining 
step. 
 
 
1.5. APPLICATIONS OF THE DETECTION AND ELECTROCATALYSIS 
OF H2O2  
 
As was mentioned above, H2O2 determination has become extremely relevant in 
recent years because of its wide and varied applications. Two of the main applications of 
H2O2 detection are in biosensors and fuel cells. 
 
1.5.1. Biosensors 
 
Many enzymatic reactions produce H2O2 as an end-product so its concentration may 
be used as an indicator of the progress of the reaction.4 The coupling of H2O2 
electrochemical detection to amperometric biosensors as the signal transducing device 
has contributed significantly to the development of the sensor industry. One of the most 
frequently used biosensors to date has, of course, been the glucose sensor with glucose 
oxidase (GOx) as the biospecific reagent. Fig. 1.4 shows the scheme of a glucose 
biosensor. The reactions involved in the process are:39, 40 
 
Glucose + O2 → gluconic acid + H2O2   (reaction 1.20) 
H2O2 → O2 + 2H+ + 2e-     (reaction 1.21) 
Chapter 1 
 24 
ELEC
TRO
D
E
H2O2
O2
GOx (Ox)
GOx (Red)
GLUCOSE
GLUCONIC 
ACID
ELEC
TRO
D
E
ELEC
TRO
D
E
 
 
Figure 1.4. General scheme of a glucose biosensor. 
 
 
The first glucose biosensor was developed in 1962 by Clarks and Lyons70 and was 
based on the monitoring of the oxygen consumed by the enzyme-catalyzed reaction. The 
enzyme electrode consisted of a thin layer of GOx entrapped over an oxygen electrode 
via a semipermeable dialysis membrane. However, measurements of H2O2 formation 
have the advantage of being simpler, especially where miniaturized devices are 
concerned, as well as providing higher sensitivity. A very common configuration has 
been the YSI probe based on a Pt electrode. The biosensor involved the entrapment of 
GOx between an inner anti-interference cellulose acetate membrane and an outer 
diffusion-limiting/biocompatible one (such as Nucleopore polycarbonate membrane) to 
form an enzyme sandwich.71, 72 Since then, many glucose sensing devices have been 
fabricated by the immobilization of GOx on an electrode surface which had previously 
been shown to be ultrasensitive to H2O2 detection. Thus, Cao et al.73 fabricated a glucose 
biosensor based on ultrafine Pt nanoparticles dispersed on a glassy carbon electrode. Pt 
nanoparticles have been shown to facilitate the electron transfer and increase the surface 
area, which enhances the catalytic activity towards H2O2. The enzyme was then 
immobilized on to the modified electrode and a mixture of glutaraldehyde and Nafion 
was placed on top as a protective film. The biosensor showed a LOD of 5·10-6 M and an 
elevated sensitivity, which was mostly attributed to the high H2O2 electro-oxidation 
efficiency. Karyakin et al.74 reported the use of a PB-modified GC electrode for the 
fabrication of a glucose biosensor. As described earlier, PB has proved to be an excellent 
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electrocatalyst for H2O2 – even better than Pt –  facilitating its detection at low applied 
potential (approx. 0 V vs. Ag/AgCl). Such a low potential enhances the immunity 
against ascorbic acid interference during blood sugar testing.75 A glucose biosensor was 
developed by GOx immobilization into a Nafion membrane that was subsequently 
deposited onto the PB-modified electrode. Glucose detection was performed at 0.18 V 
(vs. Ag/AgCl) and a linear response from 1·10-6 to 5·10-3 M was observed. More 
recently, Ricci et al.76 modified carbon screen printed electrodes with PB before enzyme 
immobilization by cross-linking employing glutaraldehyde and Nafion. This allowed the 
detection of H2O2 produced by the enzymatic reaction at approx. 0 V (vs. Ag/AgCl) and 
a LOD of 2·10-5 M together with a sensitivity of 5.4·10-2 AM-1cm-2 were obtained. 
A cholesterol biosensor is another H2O2-based device due to the fact that the side 
product of the cholesterol oxidase reaction is also H2O2, formed by the enzyme-
catalyzed oxidation of the cholesterol by dissolved molecular oxygen. Vidal et al.77 
reported the fabrication of a cholesterol biosensor based on the electrodeposition of a PB 
layer on a Pt electrode. The cholesterol oxidase was then immobilized by 
electropolymerization of a polypyrrole film (PPy) and a Nafion layer was formed on top 
to exclude molecular and anionic species from reaching the electrode surface. The so-
created biosensor provided a LOD of 1.2·10-5 M and a sensitivity of 8.6·10-3 AM-1cm-2 
when the applied potential was –0.05 V (vs. Ag/AgCl). 
 
1.5.2. Fuel cells 
 
In order to improve fuel cell performance, much effort has been focused on the 
development of electrode materials with high catalytic activity for the electrochemical 
reduction of oxygen.5 Generally, noble metals in high surface-area forms have been used 
for such purpose. However, they turned out to be very expensive and difficult to operate 
over long periods of time. Porous electrodes fabricated with high-area carbon have 
subsequently been used as catalysts in alkaline solution for the two-electron reduction of 
oxygen:78 
 
   O2 + H2O + 2e- → HO2- + OH-  (reaction 19) 
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In order to decrease the polarization created in the cathode, to improve the electrode 
life and to reach high operation potentials, the H2O2 concentration should be reduced. 
The use of a catalyst enhances the elimination of H2O2 and therefore, the rest of the 
process where it is involved. Venkatachalapathy et al.78 investigated the catalytic activity 
of several materials (carbon, Pt-supported on high-area carbon, Pt, lead ruthenate and 
ruthenium oxide) towards H2O2 decomposition. Pt showed the best catalytic effect 
although ruthenate activity was also comparable. Therefore, lead ruthenate might be 
used as a second catalyst on the cathode side of fuel cells to decompose H2O2. Kjeang et 
al.79 developed a microfluidic fuel cell incorporating H2O2 as an oxidant. High-surface 
area electrodeposited Pt and Pd on Au electrodes were evaluated as catalysts showing 
similar catalytic activity towards H2O2 reduction. The H2O2-based fuel cell showed 
higher power and current densities than cells based on dissolved oxygen, and so they 
might be employed in anaerobic conditions such as submersible and space applications.  
Further developments in H2O2 catalysts might be applied in the fabrication of fuel 
cells with improved and more customized properties, particularly as an oxidant in liquid-
liquid fuel cells employing methanol or borohydride as fuels. 
 
 
1.6. CONCLUSIONS 
 
The numerous applications of H2O2 in industry and biotechnological processes have 
brought about an increase in the number of techniques focused on its analytical detection 
and quantification. Traditional techniques such as titrimetry or spectrophotometry are 
being replaced by electrochemical techniques which are faster, more convenient and less 
prone to interferences. Although there are already several potentiometric and 
conductimetric sensors reported in the literature, amperometric sensors have become the 
focus of research interest for H2O2 detection due to their high sensitivity and rapid 
responses. Many materials have been employed in the fabrication of H2O2 sensors such 
as metals, proteins, enzymes, polymers and other catalysts such as Prussian blue. Lately, 
growing interest has been shown towards nanoparticulate materials, which enhance the 
sensitivity of the sensing devices because of the increase of their specific surface areas. 
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Regarding the driving mechanism for the electrochemical oxidation or reduction of 
H2O2, many systems have been proposed depending on the catalytic material. Some of 
them have been reported and compared along previous sections of the review. Finally, 
the application of H2O2 sensing devices in the fabrication of biosensors and fuel cells 
has been discussed as examples of the importance that H2O2 detection has in our time. 
 
 
1.7. THESIS OUTLINE 
 
The purpose of the present work was to understand the nature of a new 
electrocatalyst for the electrochemical reduction of hydrogen peroxide and apply this as 
the basis of an enzyme-based biosensor for glucose determination. Another aim was to 
investigate how the catalytic modification would be amenable to print fabrication. 
Chapter 1 presents a literature survey on the topic of the electrocatalysis and 
detection of hydrogen peroxide. 
In Chapter 2, the materials, instrumentation and methods used throughout this thesis 
are outlined. 
Chapter 3 describes the development of a novel catalyst for the electrochemical 
reduction of H2O2 based on the surfactant/salt modification of silver screen printed 
electrodes (Ag SPEs). Optimization of the modification process was performed through 
electrochemical and microscopic techniques to assess the effects of varying parameters 
such as surfactant and salt concentrations and modification times. Enhancement of the 
H2O2 decomposition process was also observed by Ag SPEs following the exposure to 
the modification solution. 
Chapter 4 addresses the surfactant/salt modification on a range of substrates such as 
Ag, Au, Pt metal and paste electrodes and their catalytic effect towards the 
electrochemical reduction and decomposition of H2O2. A kinetic study of the 
decomposition process including the calculation of the apparent and heterogeneous rate 
constants for the process will be also provided. 
The application of surfactant/salt modified Ag SPEs for the development of a 
glucose biosensor is outlined in Chapter 5. GOx was used as the glucose recognition 
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element. Much of the work focuses on the optimization of a membrane layer and 
immobilization of the enzyme. Analytical parameters such as LOD, reproducibility and 
sensitivity will be highlighted. 
The use of inkjet printing for the deposition of the surfactant/salt modification 
solution onto the Ag SPEs is explored in Chapter 6. Attempts to minimize the high 
variability observed in Chapter 5 through the fabrication of all-printed sensors will be 
illustrated. Comparisons of the H2O2 sensors and glucose biosensors fabricated by both 
dip-coating and inkjet printing will be addressed. 
Recommendations for future work developments emerging from this thesis are 
presented in Chapter 7. 
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2.1. MATERIALS  
 
2.1.1. Materials  
 
Dodecylbenzenesulphonic acid (DBSA) was purchased from TCI Europe. Sodium 
dodecyl sulphonate (SDS), cetyltrimethylammonium bromide (CTAB), Triton X-100, 
lithium, sodium, potassium and caesium chloride (LiCl, NaCl, KCl, CsCl), sodium 
bromide (NaBr), potassium dihydrogen phosphate (KH2PO4), D-(+)-glucose, cellulose 
acetate (CA), chitosan, hexamethylenediamine (HMDA), acetone and glucose oxidase 
(GOx, Type II-S: from Aspergillus niger, 20% protein) were purchased from Sigma-
Aldrich. Di-sodium hydrogen phosphate (Na2HPO4) was purchased from Riedel-de 
Haen. 30% (v/v) hydrogen peroxide (H2O2) solution was purchased from Merck. 
Glutaraldehyde (GA) and Nafion® 117 solution (~5% in a mixture of lower aliphatic 
alcohols and water) were purchased from Fluka Chemika. Acetic acid glacial was 
purchased from Fisher Scientific. Silver conductive ink (Electrodag® PF-410) was 
purchased from Henkel (Scheemda, The Netherlands). Sterling silver (92.5%, 300 µm-
thick) was purchased from NN Enterprises (Dublin, Ireland) and it was cut into 0.6 cm2 
substrates (unless otherwise is stated). 0.5 mm diameter silver wire (99.9%) was 
purchased from Sigma-Aldrich and 1.1 cm long electrodes were prepared as working 
electrodes using isolating tape. Silver (CHI103, 99.9%, A = 0.031 cm2) and gold 
(CHI101, 99.9%, A = 0.031 cm2) metallic electrodes were purchased from IJ Cambria 
Scientific Ltd. (Carms, UK). Gold and platinum screen printed electrodes (A = 0.1 cm2) 
were purchased from DuPont (Delaware, US). Gold and platinum screen printed 
electrodes (4 mm diameter) were purchased from DropSens (Asturias, Spain). 
Poly(ethylene) terephthalate (PET) substrates were Melinex films obtained from HiFi 
Industrial Film Ltd. (Dublin, Ireland). Polyester pressure sensitive adhesive (PSA, 
ARcare® 92712) was purchased from Adhesives Research Ireland Ltd. (Limerick, 
Ireland). Seriwash universal screen wash was purchased from Sericol Ltd., (Kent, UK). 
0.3 µm and 0.05 µm alumina powders were purchased from Buehler (Dorset, UK). 
Silver/silver chloride electrodes were purchased from Bioanalytical Systems Ltd. 
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(Cheshire, UK). The platinum mesh was purchased from Sigma-Aldrich. All the 
solutions were prepared using 18 MΩ Milli-Q water. 
 
2.1.2. Buffers and solutions 
 
Unless otherwise stated, all electrochemical measurements were carried out in 
phosphate buffered saline solution (PBS). The buffer solution was 10-1 M phosphate, 
1.37·10-1 M NaCl and 2.7·10-3 M KCl. This was prepared by mixing solution 1 (10-1 M 
Na2HPO4, 1.37·10-1 M NaCl and 2.7·10-3 M KCl) and solution 2 (10-1 M KH2PO4, 
1.37·10-1 M NaCl and 2.7·10-3 M KCl) to a pH of 6.8.  
Unless otherwise stated, GOx enzyme solution was prepared in PBS pH 5.0. Such 
buffer was prepared in the same way but adjusting the final pH to 5.0. 
1 M H2O2 solution was prepared daily by diluting 20-times the stock solution with 
distilled water.  
0.2 M glucose solution was prepared and left overnight to allow equilibration of the 
anomers to the stable ratio of α:β 36:64.1-3  
 
 
2.2. INSTRUMENTATION 
 
Silver screen-printed electrodes (Ag SPE) were fabricated using an automated DEK 
248 machine (Weymouth, UK). Briefly, a layer of silver paste was deposited onto PET 
substrate and cured in a convection oven at 120 oC for 5 minutes. Then, an isolating tape 
layer was deposited to define the working electrode area (0.126 cm2).  
All electrochemical measurements were performed in a three-electrode 
electrochemical batch cell, using a Ag/AgCl/NaCl (saturated) electrode and a platinum 
mesh electrode as reference and auxiliary electrodes, respectively. Cyclic voltammetry 
and time-based amperometric measurements were carried out with a CHI601C 
electrochemical analyzer with CHI601C software (IJ Cambria Scientific Ltd., UK). 
Measurements were performed at a room temperature of 18 ± 2 ◦C. Unless otherwise 
stated, all potential values are referred to the Ag/AgCl/NaCl (saturated) electrode. 
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Scanning Electron Microscopy (SEM) using Secondary Electron (SE) and Energy 
Dispersive X-ray (EDX) detection was carried out with a Hitachi S-3400N. Acceleration 
voltage of 20 kV and working distance of approx. 10.5 mm were employed to obtain the 
surface images. For the analysis of Ag metallic electrodes, electrodes were fixed to stubs 
using conductive carbon cement. 
X-Ray Photoelectron Spectroscopy (XPS) measurements were performed using a 
Kratos AXIS 165 spectrometer (University of Limerick, Ireland). 
Surface area determinations were performed by BET analysis by Ceram 
(Staffordshire, UK) using a Gemini VI instrument (Micromeritics). The standard error 
on the mean uncertainty with a coverage factor of k=2.20 is 0.3458% for the multipoint 
determination and 0.3327% for the single point determination.   
A Sartorius CP225D analytical balance was employed to register the mass 
differences during H2O2 decomposition. 
A Graphtec Robo Pro S (Model no. CE50000-4-CRP) cutting plotter and a Robo 
Master Pro software (Wrexham, UK) were used to prepare the PSA patterns for 
biosensor fabrication. Electrode patterns were drawn using AutoCAD and uploaded into 
the Robo Master software. A 3 cm x 12 cm PSA substrate was designed with ten circular 
(0.4 cm diameter) patterns so ten electrodes could be modified simultaneously, 
increasing the reproducibility of the devices. 
Inkjet printing was performed using a Dimatix Materials Printer DMP-2831 
(FujiFilm Dimatix, Inc.) and a Dimatix Drop Manager DMP-2800 series software. The 
Dimatix cartridges used for printing were MEMs-based, with 16 nozzles (20 µm 
diameter) spaced at 254 µm. The droplet volume was quoted at being 10 pl.  
 
 
2.3. METHODS 
 
2.3.1. Electrode modification with surfactant/salt-based solutions 
 
Screen-printed (Au, Pt, Ag) and sterling 92.5% Ag electrodes were dipped into a 
freshly-prepared solution of a surfactant (DBSA, SDS, CTAB, Triton X-100) and a salt 
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(LiCl, NaCl, KCl, CsCl) at a range of concentrations (modification solution) for 3 hours. 
The electrodes were then rinsed with water to remove the excess of modification 
solution and employed directly. Au and Ag metallic (99.9%) electrodes were initially 
polished using 0.3 and 0.05 µm alumina. They were then sonicated for 5 min in distilled 
water and subsequently dipped into the modification solution for 3 hours, following the 
same procedure used for SPEs. These electrodes were first used as H2O2 sensors and 
subsequently, as platforms for GOx immobilization. 
 
2.3.2. Electrochemical characterisation 
 
All electrochemical measurements were carried out in a stirred batch system with a 
three-electrode configuration. Unless otherwise stated, the electrodes were measured in 
2.5 ml PBS pH 6.8. Cyclic voltammograms were obtained in the potential range from -
0.200 to 0.025 V (vs Ag/AgCl) at a scan rate of 0.1 V/s and a sensitivity of 1·10-5 V/A. 
Amperometry was performed at -0.1 V (vs Ag/AgCl) with a sensitivity of 1·10-5 V/A for 
H2O2 and 1·10-6 V/A for glucose measurements. 1 M stock solution of H2O2 was 
prepared daily and then aliquots from this solution were added to the working cell 
during amperometric measurements in order to characterize the sensor parameters. For 
the glucose sensing, aliquots of 0.2 M glucose solution were added to the bulk to obtain 
the electrochemical responses at the same applied potential. 
 
2.3.3. Measurement of H2O2 decomposition  
 
H2O2 decomposition was assessed by the decrease in mass registered when the 
electrodes were placed in 2 ml of 1 M H2O2. The electrodes were dipped into the H2O2 
solution and the vials were covered with laboratory film to avoid losses due to 
evaporation. In order to allow the O2 formed during the decomposition to release from 
the devices, a small hole was made in the laboratory film. The mass data were registered 
every minute for 1 hour and each electrode was measured three times, with a resting 
time of 10-15 minutes between measurements.  
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2.3.4. Immobilization of GOx onto silver screen-printed electrodes 
 
Unless otherwise stated, the glucose biosensor was prepared by immersing the 
DBSA/KCl modified electrode in a CA solution (2·10-2% CA in glacial acetic acid) for 3 
s to create a thin and uniform layer of the polymer on the electrode. After the immersion, 
the electrode was placed for ten minutes in cold deionised water to accelerate the 
polymer solidification phase. Activation of the CA layer was carried out by immersing 
the electrode into a 5% (w/v) HMDA aqueous solution for 20 min. After washing in 
deionised water, the electrode was immersed for 20 min in 2.5% (v/v) GA aqueous 
solution. After further rinsing with deionised water, the electrode was kept overnight at 4 
°C in a 25 mg/ml GOx solution in PBS pH 5 for enzyme immobilization.4 A diagram of 
the electrode design is shown in Appendix 1. 
 
2.3.5. Inkjet printing of DBSA/KCl solution 
 
DBSA/KCl solution was inkjet printed by placing the freshly prepared solution at the 
corresponding concentration in a Dimatix cartridge. No prior filtering was performed in 
order to avoid any possible breaking-down of the micelle/lamellar structures created in 
the surfactant-based solution. Unless otherwise stated, the solution was printed onto the 
Ag SPEs using circular patterns (5.04 mm diameter) and 20 µm resolution (dot spacing), 
which was equivalent to approx. 1270 dpi (drops per inch). Electrodes were then rinsed 
to remove the excess of modification solution that did not interact with the electrode 
surface. 
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3.1. INTRODUCTION 
 
As was set out in Chapter 1, detection and measurement of H2O2 is of major 
scientific, social and economic importance.1-3 Thus, the continuing search for novel and 
better ways of detecting or measuring it are important research goals. In particular, its 
use in electrochemical sensing devices requires that such sensors be of low cost and be 
amenable to rapid production. To date, this has been primarily achieved through the 
fabrication of the screen printed electrode. In this regard, the need for compatibility with 
screen printable materials such as conductive inks and pastes is a critical feature. 
The major theme of the work presented in this thesis developed out of the initial 
observation that carbon paste screen printed electrodes modified with polyaniline 
(PANI) nanoparticles appeared to show enhanced catalysis towards H2O2 reduction. The 
synthesis of PANI nanoparticles using dodecylbenzenesulphonic acid (DBSA) as both 
dopant and surfactant was employed to allow the use of this polymer in aqueous media, 
improving its processability. It enabled PANI nanoparticles to be deposited onto 
electrodes by means of traditional methods, such as drop coating,4, 5 or using more 
sophisticated techniques, such as inkjet printing.6, 7  
The initial objective of the project was the assessment of the PANI nanoparticles 
deposited onto the carbon paste screen printed electrode as a sensor platform for the 
H2O2 detection. Early data showed an enhancement of the cathodic current at –0.1 V 
when the PANI-modified electrodes where measured in the presence of H2O2. However, 
subsequent investigations showed that the catalytic responses were, in fact, associated 
with the silver ink layer underlying the carbon paste. Screen printing can sometimes lead 
to the formation of pinholes on the printed surfaces depending on the viscosity of the 
material and the curing conditions. Here, it was noted that the real catalytic surface that 
enhanced the H2O2 electrochemical reduction was the silver paste layer. Moreover, it 
was found that PANI nanoparticles themselves were not involved in the H2O2 catalysis, 
but that this was due to the combination of the doping surfactant used in the PANI 
nanoparticles synthesis (DBSA) and a salt present in the phosphate buffer (KCl).  
Thus, in the present work, silver screen printed electrodes (Ag SPEs) were evaluated 
as platforms for H2O2 determination due to their cost-effectiveness and ease of 
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fabrication and manufacture. To achieve this, however, the nature of the observed 
catalysis required an initial detailed study to aid in an understanding of the relationship 
between the catalysis and the materials involved, and an optimisation of the system. 
Initial investigations suggested that this catalysis was novel and had no precedent in the 
literature. Thus, in this chapter, the nature of the catalysis is thoroughly investigated, 
looking initially at the silver paste as the catalytic substrate material and looking at the 
nature of the surfactant/salt solutions and their impact on both electrochemical reduction 
and chemical decomposition rates at the surface. 
Modifications of the above-mentioned devices were performed by dipping the 
electrodes in a combined surfactant/salt solution. The effect of the modification on the 
reduction of H2O2 was assessed by cyclic voltammetry and amperometry. In addition, 
Scanning Electron Microscopy (SEM), Energy Dispersive X-Ray (EDX) Analysis, BET 
analysis and X-Ray Photoelectron Spectroscopy (XPS) measurements were performed to 
characterize the electrode surfaces before and after the modification and exposure to 
H2O2. A study of the enhancement on the H2O2 decomposition process following 
modification of the Ag SPEs was carried out using gravimetric analysis. The optimised 
material was assessed for its ability to quantify H2O2. 
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3.2. RESULTS AND DISCUSSION 
 
As was mentioned earlier, a catalytic effect on H2O2 decomposition and 
electrochemical reduction was observed when Ag SPEs were modified with a 
combination of surfactant and salt. This finding led to the assessment of the catalysis by 
varying different modification parameters such as surfactant and salt concentrations, 
modification times as well as the type of surfactant and salt. The motivations of using 
these modified SPEs were their low cost, rapid fabrication and ease of use, which would 
allow the rapid manufacture of H2O2 sensor devices. 
 
3.2.1. Electrochemical characterisation of the catalytic enhancement toward H2O2 
at Ag SPEs 
  
Cyclic voltammetry and time-based amperometry were carried out in order to assess 
the catalytic effect observed when Ag SPEs had been modified with surfactant/salt-
based solutions. These were performed on the unmodified home-made electrodes in PBS 
pH 6.8 as controls. Subsequently, Ag SPEs were dipped into a solution of 3.3·10-2 M 
DBSA/ 0.1 M KCl for 3 h and rinsed with distilled water to remove any excess of the 
modification solution from the surface prior to characterisation by cyclic voltammetry 
and amperometry in PBS pH 6.8. For amperometric measurements, H2O2 was added to 
the solution at concentrations from 1·10-3 to 5·10-3 M. One of the main requirements of a 
substrate to be used as a platform in an electrochemical sensing process is that it be 
electrochemically inert in the selected range of potential. Here, a narrow window of 
potential was chosen for the voltammetric measurements (–0.2 to +0.025 V vs. 
Ag/AgCl), as a wider potential range would lead to the oxidation of Ag (at more positive 
potentials) or O2 interferences (at more negative potentials), thus distorting H2O2 
responses. Fig. 3.1 shows the cyclic voltammograms for unmodified and DBSA/KCl 
modified Ag SPEs in the presence and absence of 5·10-3 M H2O2. As can be seen, the 
non-faradaic or charging current from the cyclic voltammograms in the absence of H2O2, 
is up to ten times higher for the modified electrodes than that for the unmodified ones. 
This indicates that the Ag SPE surface had undergone a modification after being dipped 
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into surfactant-based solutions. Moreover, the cathodic current in the presence of 5·10-3 
M H2O2 was more than 100 times higher for electrodes after being modified with 3.3·10-
2
 M DBSA/ 0.1 M KCl when compared to unmodified electrodes. Thus, the cathodic 
current at –0.1 V from the cyclic voltammograms in the presence of 5·10-3 M H2O2 was 
approx. 4.4·10-5 A for the modified electrode, after subtracting the background current, 
whereas the modified one exhibited only a 3.8·10-7 A current at the same potential. 
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Figure 3.1. Cyclic voltammograms of Ag SPEs measured in PBS pH 6.8 solution: 
(a) unmodified, in the absence of H2O2; (b) unmodified, [H2O2] = 5·10-3 M; (c) 
3.3·10-2 M DBSA/ 0.1 M KCl modified, in the absence of H2O2; (d) 3.3·10-2 M 
DBSA/ 0.1 M KCl modified, [H2O2] = 5·10-3 M. Inset: magnified diagram of 
voltammograms (a) and (b). 
 
 
This catalytic effect for the surfactant/salt-based pre-treated electrodes is also 
presented in Fig. 3.2, where the amperometric responses following additions of 1·10-3 M 
H2O2 for the unmodified and DBSA/KCl modified electrodes is shown. These were 
performed at –0.1 V (vs Ag/AgCl). Although a catalytic effect is seen by the modified 
electrodes from +0.025 V in Fig. 3.1, the current increased quite linearly within the 
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cathodic potential window with a discernible peak between –0.1 and –0.15 V. Given the 
significant current increases at these potentials, the narrow potential window of the Ag 
paste electrodes and the desire to avoid interferences at lower potentials, –0.1 V seemed 
to be a suitable potential for further study of the catalytic effect of the surfactant/salt-
based modification on Ag SPEs towards H2O2 reduction. Examples of applied potentials 
used for the amperometric determination of H2O2 reduction in the literature include –0.7 
V (GC/PABS-modified electrodes),3, 8  –0.5 V (Ag nanoparticles in a polyvinyl alcohol 
film on a Pt electrode)9, –0.1 V commonly applied in enzymatic biosensors (such as a 
HRP-modified electrodes)10, 11  and up to 0 V with Prussian blue (PB).12 The fact that 
H2O2 reduction can be detected at this potential in the absence of enzymes represents a 
unique advantage as it avoids the more challenging requirements of temperature, 
concentration and pH required by the enzymatic compounds and broadens its application 
field.  
 
 
t / s
0 100 200 300 400
i /
 
A
0
1e-5
2e-5
3e-5
4e-5
(a) 
(b) 
 
 
Figure 3.2. Amperometric responses of Ag SPEs measured at –0.1 V (vs Ag/AgCl) 
in PBS pH 6.8: (a) unmodified and (b) modified with 3.3·10-2 M DBSA/ 0.1 M KCl 
at H2O2 concentration from 1 to 5·10-3 M. 
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Modified Ag SPEs showed cathodic currents of approx. 3.6·10-5 A at –0.1 V in the 
presence of 5·10-3 M H2O2 whereas the current obtained with the unmodified electrodes 
reached approx. 4.2·10-7 A. This difference of almost two orders of magnitude was 
previously observed in the cyclic voltammograms in Fig. 3.1. Moreover, the greater 
steady state background current exhibited by the modified electrodes (approx. 1.6·10-6 
A) compared to the unmodified one (approx. 9.0·10-8 A) makes it evident that the Ag 
SPE surface undergoes a modification following the exposure to DBSA/KCl solution. 
Further controls employing DBSA or KCl alone were performed. Figure 3.3 shows 
the amperometric responses of an unmodified Ag SPE and with DBSA (3.3·10-2 M) and 
KCl (0.1 M) together and separately. As can be seen, there was no a notable 
enhancement in the cathodic current corresponding to the DBSA modified electrode 
compared to the unmodified one. Thus, the latter showed a cathodic current in the 
presence of 5·10-3 M H2O2 of 4.2·10-7 A, which was only five-fold lower than that 
exhibited by the DBSA modified electrode, 2.4·10-6 A. However, enhanced responses 
were obtained when the Ag SPE electrode had been exposed to KCl, showing 9.4·10-6 A 
as cathodic current at 5·10-3 M H2O2. However, the highest cathodic current was 
obtained when the Ag SPE was modified with a mixture of both DBSA and KCl. Such 
pre-treated electrodes provided cathodic responses of 3.6·10-5 A, which represented a 
more than eighty-fold greater response to H2O2 than those without any modification. 
Therefore, the relative order of the modified Ag SPEs regarding the catalytic response to 
5·10-3 M H2O2 is the following: 
 
Unmodified < 3.3·10-2 M DBSA modified < 0.1 M KCl modified < 3.3·10-2 M 
DBSA/ 0.1 M KCl modified 
 
The same relative order was observed with respect to the steady state background 
current of the amperometric responses, where unmodified electrodes showed the lowest 
value (4.8·10-8 A) whereas the DBSA/KCl modified showed the greatest (approx. 1.6·10-
6
 A). Once again, the background or charging current was proportional to the catalytic 
effect shown by the electrodes and, therefore, the degree of modification of the electrode 
surfaces. 
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Figure 3.3. Amperometric responses of Ag SPEs measured at –0.1 V (vs Ag/AgCl) 
in PBS pH 6.8: (a) unmodified; (b) 3.3·10-2 M DBSA (c) 0.1 M KCl and (d) 3.3·10-2 
M DBSA/ 0.1 M KCl modified electrodes, at H2O2 concentration ranges from 1 to 
5·10-3 M. 
 
 
Having established that both DBSA and KCl were necessary for full catalytic effect, 
the concentrations of DBSA and KCl were optimised. Cyclic voltammetry and 
amperometry were performed using first 0.1 M KCl over a range of DBSA 
concentrations followed by 3.3·10-2 M DBSA over a range of KCl concentrations. The 
cathodic responses to 5·10-3 M H2O2 were correlated with DBSA or KCl concentrations. 
Fig. 3.4 shows the responses of Ag SPEs after dipping into solutions of DBSA at several 
concentrations for 3h, in the absence and the presence of 0.1 M KCl in the modification 
solutions. At low DBSA concentrations, the presence of KCl provided approx. six-fold 
higher responses, being 5.5·10-6 A at 5·10-3 M H2O2 whereas the electrode modified in 
the absence of KCl showed only 9·10-7 A. However, from 10-4 M DBSA and above, the 
difference between the reduction currents obtained from the electrodes without and with 
KCl in their modification solution increased to more than 20-fold. Thus, at 10-3 M 
DBSA the cathodic current exhibited by the electrode modified in the absence of KCl 
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was approx. 1.4·10-6 A, whereas the current from the electrode modified with 
DBSA/KCl rose to 3.1·10-5 A.  Even at 10-2 M DBSA, where the electrode modified in 
the absence of KCl showed the highest response, the cathodic current of the electrode 
modified with the DBSA/KCl mixture was still six-fold greater than the former. This 
confirmed that the presence of both DBSA and KCl reagents in the pre-treatment 
solution was essential for the full catalytic reduction effect of H2O2 observed on the Ag 
SPEs.  
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Figure 3.4. Plot of current vs log [DBSA] obtained during amperometric 
measurements of Ag SPEs at –0.1 V (vs Ag/AgCl) at 5·10-3 M H2O2. The electrodes 
were modified only with DBSA (a) or 0.1 M KCl and DBSA (b).  
 
 
Fig. 3.5 shows the results of a similar study, using three DBSA concentrations and a 
range of KCl concentrations. Fig. 3.4 highlighted that the optimum DBSA concentration 
in the modification solution was between 0.1 and 0.01 M. Therefore, DBSA 
concentrations of 0.1, 3.3·10-2 and 10-2 M were studied. Fig. 3.5 presents the results for 
these experiments and compares them to those obtained using KCl alone. The catalytic 
effect on H2O2 reduction was again observed for those electrodes modified with both 
DBSA and KCl reagents whereas those electrodes pre-treated only with KCl displayed a 
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small catalytic increase at 0.1 M, which was also seen by amperometry in Fig. 3.3. The 
enhancement of the H2O2 reduction current was shown to be dependent on KCl 
concentrations greater than 10-4 M. Thus, at 10-4 M KCl the cathodic currents observed 
for the unmodified, 10-2 M DBSA/KCl, 3.3·10-2 M DBSA/KCl and 0.1 M DBSA/KCl 
modified electrodes were 1.4·10-6 A, 2.1·10-6 A, 5.0·10-6 A and 2.2·10-5 A, respectively, 
whereas at 10-3 M KCl the reduction currents were 1.3·10-6 A, 1.5·10-5 A, 2.8·10-5 A and 
3.2·10-5 A, respectively. The optimum KCl concentration in the modification solution 
was found to be approx. 0.1 M, where the cathodic currents for the studied electrodes 
reached values of 8.7·10-6 A, 3.1·10-5 A, 3.5·10-5 A and 3.5·10-5 A, respectively. Further 
increases in KCl concentration in the modification solutions led to a decrease in the 
reduction current, as can be seen in Fig. 3.5 for 1 M KCl. The onset of the enhanced 
catalysis was also dependent on DBSA concentration, as is shown by the above-
mentioned cathodic current data at 10-4 M KCl. At this value, the catalytic ratio shown 
by the modified electrodes went along the following relative order: unmodified < 10-2 M 
DBSA/KCl < 3.3·10-2 M DBSA/KCl < 0.1 M DBSA/KCl. Electrodes exhibited 
enhanced catalysis at lower KCl concentrations when DBSA concentrations were 
increased. Electrodes modified with 0.1 M DBSA/KCl solutions showed catalytic 
activity from approx. 10-4 M KCl concentrations whereas the onset of the catalysis 
occurred from 10-3 M KCl for the electrodes modified in 3.3·10-2 M DBSA/KCl or 10-2 
M DBSA/KCl solutions. As will be commented upon later in this section, surfactants are 
well-known to form organized structures when they are in aqueous solution.13, 14 At low 
concentrations but above the critical micelle concentration (CMC), typical surfactant 
aggregations are in the form of spheroidal micelles. As the concentration of surfactant in 
solution increases, greater aggregations such as hexagonal or lamellar structures are 
observed. The addition of a salt or cosurfactant to the solution allows the formation of 
these high-aggregation structures at lower surfactant concentrations. This was observed 
by Sein and Engberts15 with sodium dodecylbenzenesulfonate (NaDoBS) in the presence 
of several chloride salts. The CMC for DBSA is approx. 1.6-2·10-3 M,15, 16 so at least 
micellar structures should be observed in all the modification solutions used. The fact 
that greater catalytic responses are obtained when both the surfactant and salt 
concentrations in the modification solution are increased might be directly related to the 
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early formation of hexagonal or lamellar structures in the solution, which may bring 
about the modification of the Ag SPE surface in some way. This initial hypothesis will 
be further discussed.  Hence, a solution of 3.3·10-2 M DBSA and 0.1 M KCl was 
established as the optimum modification solution, which provided the highest 
electrocatalysis of H2O2 reduction on Ag SPEs and this was used in subsequent 
experiments. 
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Figure 3.5. Plot of current vs log [KCl] obtained during amperometric 
measurements of Ag SPEs at –0.1 V (vs Ag/AgCl) at 5·10-3 M H2O2. The electrodes 
were modified only with KCl (a), 10-2 M DBSA/ KCl (b), 3.3·10-2 M DBSA/ KCl (c) 
and 0.1 M DBSA/ KCl (d). Value at log [salt] = – 10 corresponds to unmodified Ag 
SPEs.  
 
 
Another parameter of the deposition process which needed to be optimized and 
studied was the modification time, i.e. the time Ag SPEs were deposited in the 
DBSA/KCl solution before their application to H2O2 detection. Several Ag SPEs were 
immersed into solutions of 3.3·10-2 M DBSA/ 0.1 M KCl for different periods of time, 
from a few seconds to one day. Then, the electrodes were rinsed thoroughly with 
distilled water to remove any non-adherent species which might remain on the surface 
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and these were measured amperometrically in 5·10-3 M H2O2 in PBS pH 6.8. Fig. 3.6 
shows the plot of these data vs. modification time. As can be seen, the catalytic effect on 
H2O2 reduction was noticeable even when the electrodes had been immersed for a very 
short period of time (2-10 s) into the DBSA/KCl solution. These electrodes exhibited a 
response of approx. 2.2·10-5 A; more than 20 times greater reduction currents when they 
were measured in the presence of 5·10-3 M H2O2 compared to unmodified electrodes, 
which only exhibited 7.5·10-7 A. This suggested that whatever process was taking place 
between the electrodes and the DBSA/KCl was extremely rapid.  
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Figure 3.6. Plot of current vs modification time obtained during amperometric 
measurements of Ag SPEs at –0.1 V (vs Ag/AgCl) at 5·10-3 M H2O2. Data at 0 s 
corresponds to unmodified electrode. 
 
 
The catalytic reduction current increased with modification time but quickly reached 
a plateau where the current rise was not as marked as before. The cathodic currents 
displayed by Ag SPEs after 60, 300 and 600 s modification time were all approx. 2.9·10-
5
 A. The highest cathodic current value of 3.4·10-5 A was obtained with electrodes 
following exposure to DBSA/KCl modification solution for 2 hours. Further exposure 
times such as 1 day or 1 week did not improved the response; on the contrary, the 
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catalytic current started to decrease. To ensure that the highest catalytic currents were 
obtained, 3 hours was chosen as the optimum modification time for the experiments. 
This was used for all subsequent experiments where DBSA/KCl modification was 
performed by dip-coating. 
 
3.2.1.1. Influence of pH on the catalytic process 
 
The influence of the pH of the bulk electrolyte solution during the reduction of 5·10-3 
M H2O2 was investigated for both unmodified and DBSA/KCl modified Ag SPEs. 
Amperometric measurements at –0.1 V were performed (Fig. 3.7) using the same 
electrode while changing the pH. H2O2 reduction at the unmodified Ag SPE showed 
little catalytic response in the pH range from 2 to 10, unlike the DBSA/KCl modified 
electrodes. Thus, the cathodic currents of the unmodified electrodes ranged from 3.4·10-7 
A at pH 2 to 3.6·10-6 A at pH 10, with a maximum value of 4.4·10-6 A at pH 6.8. The 
DBSA/KCl modified electrodes showed no catalytic activity at very acidic solutions (pH 
= 2), 6.0·10-7 A, whereas the cathodic current increased approx. 50-fold up to 3.3·10-5 A 
as the bulk solution pH increased up to 10. This suggested that the catalytic mechanism 
of H2O2 reduction is significantly enhanced by the presence of OH- or suppressed in the 
presence of H+. This pH-dependence of H2O2 reduction has been observed previously17, 
18
 and has been explained by the effect of the pH on the reduction potential. At high 
concentrations of H+ in solution, H2O2 reduction occurs at more negative potentials than 
when the concentration is lower. This behaviour is typical of a reaction mechanism in 
which H+ appear as a product or OH- as a reactant. 
Therefore, at –0.1 V the rate of H2O2 reduction was higher when the reaction took 
place in more basic solution rather than in more acidic ones. pH 6.8 was selected for the 
electrolyte measurement solutions in further work as it exhibited more than thirty-fold 
higher catalytic currents and is a suitable pH for the study of biological systems, such as 
enzyme-based biosensors, for which this system will form a platform. 
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Figure 3.7. Plot icat vs electrolyte pH for Ag SPEs (a) with and (b) without 
DBSA/KCl modification in 5·10-3 M H2O2 at –0.1 V vs Ag/AgCl.  
 
 
3.2.1.2. Analytical characterisation of the electrocatalyst as a H2O2 sensing 
electrode  
 
Subsequently, the feasibility of the Ag SPEs electrodes modified with DBSA/ KCl to 
be used as H2O2 sensors was assessed and preliminary studies were carried out to 
determine their limit of detection (LOD) and reproducibility characteristics. Three Ag 
SPEs were modified in 3.3·10-2 M DBSA/ 0.1 M KCl solutions for 3 h, according to the 
adopted standard protocol. After rinsing, they were measured in PBS pH 6.8. 
Amperometric responses to H2O2 (2 to 16·10-5 M) are shown in Fig. 3.8, where typical 
response times of 10-15 s were observed. Experiments were repeated three times with 
each electrode and the data were compared to check the intra- and inter- electrode 
reproducibility. Although the lowest concentration measured was 2·10-5 M, the lowest 
theoretical LOD of the sensor devices was found to be 1.1·10-6 M, with a signal-to-noise 
ratio of 3. The LOD was calculated from the regression line obtained from the plot of the 
cathodic currents vs. H2O2 concentration.19 These data are presented in the inset of Fig. 
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3.8. A comparison of the analytical parameters of the developed H2O2 sensor with other 
devices reported in the literature is shown in Appendix 2. 
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Figure 3.8. Amperometric responses of the DBSA/KCl modified electrodes in 20·10-
6
 M aliquots of H2O2 (20 - 160 ·10-6 M) at –0.1 V (vs Ag/AgCl) in PBS pH 6.8. Input: 
Plot of cathodic current vs H2O2 concentration at –0.1 V (vs Ag/AgCl) in PBS pH 
6.8. 
 
 
Other recent studies have demonstrated the direct detection of H2O2 using silver 
nanoparticles (AgNPs) on glassy carbon (GC) electrodes at –0.7 V vs Ag/AgCl with a 
LOD in phosphate buffer pH 7.4 of  2.0·10-6 M.3 Ag NPs were also used to determine 
H2O2 at –0.55 V vs Ag/AgCl by immobilization in a polyvinyl alcohol (PVA) film on a 
platinum electrode, showing a LOD of 1.0·10-6 M 9. Safavi et al.20 reported the excellent 
electrocatalytic activity towards H2O2 reduction of Ag NPs electrodeposited on carbon 
ionic liquid electrodes (CILE). The sensor exhibited a detection limit of 7·10-7 M at an 
applied potential of –0.35 V vs. Ag/AgCl. Another widely used material in H2O2 
detection is ferric hexacyanoferrate or Prussian blue (PB) 2, 12, 21. It has demonstrated an 
LOD of 1.0·10-8 M and a linear calibration range for H2O2 concentrations from 1.0·10-8 
to 1.0·10-2 M when nanostructured by electrochemical deposition through lyotropic 
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liquid crystal templates.2 Recently, a detection limit of 1·10-11 M was achieved by using 
a GC electrode modified with NAD+ and single walled carbon nanotubes at –0.25 V vs. 
Ag/AgCl.22 It should be noted that the values determined in the present study represent 
practical detection limits using moderate conditions of pH (6.8), on disposable screen 
printed electrodes and at low applied potentials (–0.1 V) to avoid electrochemical 
interferences. Due to the fact that measurements were performed on mass-producible 
screen printed electrodes and not on idealised rotating disk electrodes, these represent 
real and practical electrode materials for sensor fabrication and other applications with 
significant potential for further improvement or optimisation depending on the required 
application. 
The response across this range of concentrations of H2O2 (2 to 16·10-5 M) was non-
linear, as is shown in the inset of Fig. 3.8. The upward curvature observed here is 
different from the downward curvature found for substrate limitation at enzyme 
electrodes and might be explained by an autocatalytic process during the H2O2 reduction. 
The autocatalytic reduction of H2O2 on Ag electrodes has been previously reported by 
Flätgen et al.23 They observed two mechanisms of H2O2 reduction operating at different 
overvoltages. At potentials more negative than –0.8 V (vs Ag/AgCl) the “normal” 
reduction took place whereas a second mechanism was operative at E > –0.7 V. They 
proposed that the rate of H2O2 reduction in this second case was increased by the 
presence of the adsorbate (OH)ad formed during the reduction process on the Ag surface, 
leading to an autocatalytic reaction on the electrode. Moreover, the catalytic activity of 
the modified Ag SPEs seemed to improve with the number of repeat measurements.  
This behaviour was not observed at H2O2 concentrations > 10-3 M, where the catalytic 
responses decreased with the number of repeats. Moreover, the shape of the curvature 
adopted a downward trend at H2O2 concentrations in the range 10-2 – 10-1 M, which 
might be explained by the saturation of the electrode at such high analyte concentrations. 
Fig. 3.9 shows the three data point collection obtained for each of the electrodes in the 
range of H2O2 concentrations 2 to 16·10-5 M. In the three cases, the highest catalytic 
responses for H2O2 reduction were obtained in the last repeat. 
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Figure 3.9. Reproducibility study using three different electrodes: (a) electrode 1; 
(b) electrode 2; (c) electrode 3. Amperometric responses of the DBSA/KCl modified 
electrodes in 20·10-6 M aliquots of H2O2 (20 - 160 ·10-6 M) at –0.1 V (vs Ag/AgCl) in 
PBS pH 6.8. Each electrode was measured three times: (●) repeat 1; (▲) repeat 2; 
(■) repeat 3.  
 
 
3.2.2. Surface characterisation 
 
Scanning electron micrographs and EDX spectra of Ag SPE before and after 
DBSA/KCl modification and following electrocatalytic reduction of H2O2 are shown in 
Fig. 3.10. SEM was performed in Secondary Electron (SE) detection mode. Due to the 
conductive character of the silver-based ink, no gold-sputtering was required on these 
surfaces. KCl-modified electrodes and AgCl-modified electrodes are also shown as 
controls. The unmodified screen printed electrode (Fig. 3.10a) shows the typical 
morphology of a metallic silver paste. It is known that the ink used contains metallic Ag 
particles, an organic binder and solvent.24 Thus, SEM shows amorphous metallic Ag 
suspended in an organic paste. Following exposure to the DBSA/KCl solution, 
spheroidal structures became visible on the DBSA/KCl modified electrodes. These 
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structures were not present on the KCl-modified surfaces, although these electrodes did 
show some structural differences to controls – they also showed some catalysis. The 
spheroidal structures varied in size with typical diameters of approx. 1 µm. These 
modifications were observed on electrodes which exhibited the catalytic effect on H2O2 
reduction. In addition, the morphology of the structures appeared to change following 
reduction of H2O2, which might be explained by the interaction between H2O2 and the 
structures during the reduction process.  
With EDX, Ag was shown to be the major component in the unmodified electrodes, 
where C was also detected, as one might expect due to the metallic/organic binder 
composition required to obtain the rheological and curing characteristics for the printing 
process. When DBSA/KCl modified electrodes were analysed, Cl was detected as well 
as Ag, which was more significant in the areas with greater numbers of spheroidal 
structures. However, no Cl could be identified in the spectrum corresponding to 
DBSA/KCl modified electrodes following exposure to H2O2 reduction. Therefore, the 
spheroidal structures formed after DBSA/KCl pre-treatment appear to result from or 
result in an increase in surface Cl levels and may be involved in the catalytic process of 
H2O2 reduction.  
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Figure 3.10. SEM images using secondary electron (SE) detection of Ag SPEs (a) 
unmodified; (b) DBSA/KCl-modified; (c) DBSA/KCl-modified after 
electrochemical reduction of 5·10-3 M H2O2; (d) AgCl electrochemically deposited; 
(e) KCl modified. Accelerating voltage of 20 kV. (5.0k x magnification). Below, the 
respective EDX spectrum for each sample. Binding energies in keV. 
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X-Ray Photoelectron Spectroscopy (XPS) measurements were performed using a 
Kratos AXIS 165 spectrometer (University of Limerick). The samples analysed were 
unmodified and DBSA/KCl modified Ag SPEs. Spectra and concentration percentages 
are presented in Fig. 3.11 and Table 3.1, respectively. As might be expected, Ag SPE 
surfaces showed the presence of Cl, K and S after the modification in DBSA/KCl 
solutions. However, a higher proportion of Cl (4.3%) over K (0.6%) was detected on the 
electrode surface, which is approx. 7.5-fold greater than that which would be expected 
on stoichiometric basis. This fact could be explained by the formation of AgCl on the 
substrates during the modification which, unlike K would remain on the surface after the 
electrodes were rinsed.  
 
 
Table 3.1. XPS data for unmodified and DBSA/KCl modified Ag SPEs. 
Unmodified Ag SPE  DBSA/KCl modified Ag SPE 
Name Position 
(eV) 
% 
Conc. 
Name Position 
(eV) 
% 
Conc. 
O 1s 533.3 12.9 O 1s 531.4 11.7 
Ag 3d 368.2 24.5 Ag 3d 367.7 26.1 
C 1s 284.5 62.5 C 1s 284.6 55.8 
-- -- -- K 2p 291.8 0.6 
-- -- -- Cl 2p 197.5 4.3 
-- -- -- S 2p 167.5 1.6 
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Figure 3.11. XPS images of Ag SPEs (a) unmodified and (b) DBSA/KCl 
modified. 
a) 
b) 
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Consequently, to check if the catalysis observed on modified Ag SPEs was due to 
the effect of Cl- ions and the formation of AgCl on the surface, Ag SPEs were dipped 
into 0.1 M HCl and a potential of 1 V was applied for 5 s.25 Such conditions are usually 
applied to coat Ag electrodes with AgCl during the fabrication of Ag/AgCl references 
electrodes. Ag SPEs after this pre-treatment became darker due to the formation of the 
AgCl salt on the surface.26, 27 Then, the electrodes were rinsed and placed in PBS pH 6.8 
to the electrochemical analysis. H2O2 was added to the solution during amperometry 
performed at –0.1 V to a final H2O2 concentration of 5·10-3 M in solution. The 
amperometric responses for these electrodes were compared to those obtained for the 
unmodified and DBSA/KCl modified ones (Fig. 3.12). 
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Figure 3.12. Amperometric responses of Ag SPEs measured at –0.1 V (vs Ag/AgCl) 
in PBS pH 6.8: (a) unmodified; (b) AgCl electrodeposited and (c) DBSA/KCl 
modified electrodes, at H2O2 concentrations from 1 to 5·10-3 M. 
 
 
The reduction current corresponding to 5·10-3 M H2O2 solution obtained with the 
AgCl modified SPE was about four times higher than that shown by the unmodified 
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electrode, whereas for the DBSA/KCl modified one, this was about thirty times greater. 
The slight catalytic effect of the AgCl modified electrode could be explained as the 
response expected due to an increase of the Ag metallic area available to H2O2. An 
increase in the catalysis had been earlier observed when the electrodes were modified in 
a KCl alone solution, but then the catalysis enhancement was higher than now. 
However, it is clear that the catalysis is not solely due to the formation of AgCl at the 
electrode, although this may play a role in the process. Lian et al.28 recently reported the 
increasing roughness of Ag electrodes by electrochemical oxidation-reduction cycles 
(ORC) in a KCl solution and their application to the quantitative determination of H2O2. 
The process began with the stripping of Ag to form Ag-Cl complex and the subsequent 
cathodic electrodeposition of Ag+ to form Ag nanoparticles on the Ag substrate. The Ag-
Cl complex decreased the diffusion rate of Ag+ and made the reduction of Ag+ more 
difficult, which was helpful in the formation of small Ag nanoparticles. The activity of 
the roughed electrodes towards H2O2 reduction was assessed as a function of the number 
of cycles, KCl concentration and scan rate during the cyclic voltammetry. The catalytic 
current due to H2O2 reduction increased with cycle number and, therefore, Ag surface 
area of the electrodes.3, 29, 30  
The extreme conditions (1 V for 5 s) required for the electrochemical formation of 
AgCl on the electrodes in the present work could also generate the decomposition of the 
organic compounds which bind the metallic particles of Ag in the paste, rendering more 
Ag sites free to perform the reduction of H2O2. With regard to the chemical analysis of 
the surface, EDX data in Fig. 3.10d showed the presence of Ag and Cl as predominant 
components in the AgCl modified Ag SPEs. However, unlike the DBSA/KCl modified 
electrodes, the spherical structures formed on the surfaces were smaller for the Ag/AgCl 
SPE, as is shown in the SEM images for both substrates. Such differences in the 
morphology could be expected as the modification procedures were very dissimilar. 
Indeed, the structures from these two processes may be completely unrelated. The 
electrochemical deposition of Ag/AgCl was the result of intense conditions by the 
application of a very high oxidising potential, whereas the DBSA/KCl modification was 
performed under much milder conditions. The formation of the larger spheroidal 
aggregates on the surface of Ag SPEs seemed to be favoured by the presence of the 
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surfactants at certain concentrations in the modification solution. Such structures may be 
implicated in the catalytic process for the electrochemical reduction of H2O2, providing 
responses up to eighty times higher than those obtained with the unmodified electrodes. 
One possible explanation could be that micellar, hexagonal or lamellar structures often 
formed by the surfactants when they are in solution may have become deposited onto the 
Ag SPE in some way, creating an enhanced surface for the catalytic process. These 
structures or processes appear to create the appropriate environment for the subsequent 
formation of AgCl due to the presence of Cl- in the modification solution. This would 
explain the presence of a higher concentration of Cl on the electrode surface following 
DBSA/KCl modification.  
Another explanation for the catalytic process could be that the interactions of 
DBSA/KCl with the electrode surface may have changed the Ag morphology by 
creating a high surface area, nanostructure. This would provide nanoparticulate silver 
structures, increasing the active surface area available to perform the H2O2 reduction. 
However, BET analysis demonstrated that the surface modification did not appear to 
increase surface area. BET analysis is a technique for the measurement of the specific 
surface area of a material that is based on the physical adsorption of gas molecules on a 
solid surface.31 BET nitrogen adsorption analysis performed on the modified and 
unmodified electrodes showed that the surface areas were 0.65 and 0.78 m2/g, 
respectively, demonstrating no significant, or even a small decrease in microscopic 
surface area. That suggested that surface area enhancement was not the source of the 
enhanced catalysis, but a real electrocatalytic effect of Ag SPEs after DBSA/KCl 
modification. One should note that, according to the earlier voltammetric data, the 
electrode surface had significantly increased capacitance which can only occur as a 
result of a change in the dielectric constant of the surface, or a change in the surface 
area. The BET data suggests that no change in surface area resulted. However, if the 
surface was modified by the presence of a film composed of DBSA and KCl, this may 
block gas adsorption, leading to the observed decrease in adsorbed surface area. In 
addition, it should also be noted that SEM only detects materials with high electron 
density; namely metallics, and would not visually show the presence of organic 
materials such as the DBSA if it were present on the electrode.  
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However, the BET surface area can be different from the electroactive area. To 
assess a possible increase of the electroactive surface area, cyclic voltammetry of the 
unmodified and modified electrodes in the presence of a reversible redox probe 
(benzoquinone, BQ) was performed. No electrocatalysis was expected to affect a process 
already reversible, but only changes of electroactive area would play a role. The 
electrodes were measured in 1·10-3 M BQ/ 0.5 M KCl in the potential range from –0.4 to 
0.05 V (vs. Ag/AgCl) (Fig. 3.13). Rough calculations using the Randles-Sevcik 
equation, at room T, considering the BQ diffusion coefficient32 as 4.2·10-6 cm2s-1 
provided surfaces areas of 0.105 and 0.085 cm2 for the modified and unmodified 
electrodes, respectively. No remarkable changes in the calculated surface areas were 
observed, indicating that there was no increase in the electroactive surface area, but a 
real electrocatalytic effect of Ag SPEs after DBSA/KCl modification  
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Figure 3.13. Cyclic voltammograms of Ag SPEs measured in 1·10-3 M BQ/ 0.5 M 
KCl solution: (a) unmodified; (b) 3.3·10-2 M DBSA/ 0.1 M KCl modified. Scan rate: 
5·10-2 Vs-1.  
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 The fact that no surfactants were detected on the substrates (i.e. no S from DBSA) 
using EDX analysis may be an artefact of the EM imaging process. When Ag SPEs are 
modified, rinsed and used directly in the cell to carry out the electrochemical techniques, 
these hexagonal or lamellar structures may be present on the surface because it always 
remains wet. However, the SEM technique requires dry surfaces to take images of the 
substrates, or else the detector may not have been sufficiently sensitive at the deposited 
concentrations. Therefore, once the surface is dried, the possible structures responsible 
for the surface modification could be broken down, making their detection more 
difficult. In fact, XPS data showed the presence of S on the DBSA/KCl modified Ag 
SPE, which was not detected on the unmodified one. Although its concentration (1.6%) 
was not so high as Cl concentration (4.3%), its presence cannot be ignored and further 
studies should be performed to conclude if the presence of S on the modified electrode 
surface is due to either the real surface modification or the remaining modification 
solution which has not been rinsed thoroughly enough. This would require more 
sophisticated preparation of samples for SEM, such as cryo-field emission scanning 
electrode microscopy (cryo-FESEM), which has been already used to characterize 
water/oil microemulsion structures.33, 34 Other techniques already applied for the 
characterization of surfactant deposited on surfaces is atomic force microscopy (AFM), 
which has been used to image surfaces coated with different surfactants to determine 
their aggregate morphology.35-37 
DBSA/KCl modified Ag SPEs were shown by contact angle measurements in water 
to be more hydrophilic compared to the unmodified electrodes, as is shown in Fig. 3.14.  
 
       
 
Figure 3.14. Comparison of the surface hydrophilicity of an unmodified (on the 
right) and a DBSA/KCl modified Ag SPE when 2·10-6 l H2O was deposited onto the 
surface (surface area = 0.126 cm2) 
Chapter 3 
 66 
This increase in hydrophilicity and thus, surface energy would be consistent with 
modification with an amphiphile in a “head-up” orientation. Dominguez38 has already 
reported the difference in contact angle for unmodified and surfactant modified surfaces. 
He performed contact angle measurements on graphite surfaces modified with SDS in 
the presence and the absence of different NaCl concentrations to show the different 
characteristics of the aggregates on the electrode surface. He found that the contact angle 
decreased as the salt concentration was increased. This indicated that the SDS 
aggregates wet the surface more thoroughly as the salt concentration is increased. This 
agreed with a more dense surface coverage with less hydrophobic graphite exposed to 
solution reported by Wanless and Ducker36 for the same system. They proposed that a 
decrease in SDS aggregate separation on the surface occurred when the salt 
concentration was increased because the electrolyte screened the interactions between 
charged head groups. 
 
3.2.3. Effect of DBSA/KCl modification of Ag SPEs on H2O2 decomposition 
 
During studies on the electrochemical reduction of H2O2 on the DBSA/KCl modified 
electrodes, it was observed that there was also an increase in O2 evolution as a result of 
accelerated decomposition. Therefore, the surface shared both increased chemical 
catalytic decomposition and coupled electrocatalytic reduction of H2O2. As a 
consequence of this observation, the catalytic effect on the chemical decomposition of 
H2O2 was also assessed. Gravimetric measurements of H2O2 decomposition on Ag SPEs 
were carried out before and after modification of the substrates in freshly prepared  
3.3·10-2 M DBSA/ 0.1 M KCl solutions. The mass differences due to O2 evolution after 
the break-down of H2O2 were plotted versus time to compare the effect that the 
surfactant-based solution had on the decomposition process. Figure 3.15 shows the 
different behaviour of a Ag SPE before and after the modification. As can be observed, 
the modified electrode showed faster H2O2 decomposition (and therefore greater loss of 
O2) than the unmodified one. This could also be observed visually by the formation of 
gas bubbles at the electrode surface. The amount of O2 evolved from the solution was 
approx. eight times higher for the modified electrode after a 1 hour reaction. The 
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degradation showed significant non-linearity of the responses with time exhibited by the 
modified electrodes. These electrodes showed a linear dependence with time during the 
first 5-6 minutes, after which the amount of O2 released per unit time seemed to decrease 
drastically. This effect, which appears only with modified electrodes, was further 
analysed.   
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Figure 3.15. Plot of change in mass per unit area versus time of (a) unmodified and 
(b) modified Ag SPE in 2 ml 1M H2O2. 
 
 
Each electrode was tested three times in order to analyze the stability and 
reproducibility of the measurements in fresh H2O2 solutions (Figure 3.16). Both 
modified and unmodified Ag SPEs showed decreasing responses as the number of 
repetitions increased. Significant decreases were observed for the modified SPE as 
compared to the unmodified one and this may suggest that the decomposition process is 
not truly catalytic as the surface may lose its catalytic properties over time. 
Therefore, the use of DBSA/KCl solution as a modification agent for Ag SPEs 
resulted in the acceleration of the decomposition process when the electrodes were 
placed in H2O2, resulting in faster O2 release compared to the unmodified ones.  
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Figure 3.16. Change in mass per unit area versus time of (a) unmodified and (b) 
modified Ag SPE in 2ml 1M H2O2 solution for 1 hour. Each electrode was 
measured three times and the number of the repetition is indicated besides each 
graph. 
 
 
Scanning electron microscopic images of the unmodified and DBSA/KCl modified 
Ag SPEs were obtained before and after exposure to 1 M H2O2 solution (Figure 3.17). 
As can be observed, Ag SPE electrodes presented very rough surfaces. Ag paste ink 
used to manufacture these electrodes consists of metallic Ag as well as an organic 
solvent and a vinyl or epoxy-based polymeric binder to maintain the structure of the ink 
and make it printable.24 The purpose of the binder is to ensure the ink’s affinity for the 
substrate in terms of adhesion properties. After screen printing, the fresh electrodes are 
cured in the oven so the organic solvent from the ink is evaporated. Moreover, as 
Grennan et al. (2001) reported using carbon-paste screen printed electrodes,39 as the 
temperature of curing is increased, the surface roughness increases because the 
microparticulate nature of the Ag ink is consequently increased. Regarding the SEM 
images after H2O2 measurements, rougher surfaces of both types of electrodes were 
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observed after the reaction either due to the formation of a reaction product on the 
surfaces or because something on the electrode surface reacts with H2O2, provoking its 
decomposition and increasing the amount of holes on the surface. This increase of the 
surface roughness during H2O2 decomposition process was already reported by Schmidt 
et al.40 They observed a micro-roughening effect occurred on hydrophobic silicon wafers 
after being immersed into H2O2/NH4OH (SC1) cleaning solutions. They believed that 
small O2 bubbles were stuck on the initially hydrophobic silicon surfaces preventing 
them from the etching action of the SC1 chemistry and making them responsible of the 
micro-masking effect. 
 It should be noted, however, that although unmodified Ag SPEs underwent a 
morphological change upon exposure to H2O2, this was not associated with an increase 
in catalytic decomposition.  
Before the reaction, the DBSA/KCl modification appeared to produce some 
structural alteration on Ag SPEs (Fig. 3.17C) which did not appear on the unmodified 
electrodes (Fig. 3.17A). Moreover, Ag SPEs after modification did exhibit greater 
increases in levels of O2 evolution from the solution due to H2O2 decomposition than 
those observed with the same electrodes without modification. The appearance of 
smaller structures in the same place as those formed prior to modification after the 
reaction with H2O2 seems to indicate that these surfactant-based structures formed on the 
electrode surfaces after the modification are in some way responsible for, or are a result 
of the catalytic effect on H2O2 decomposition observed on the modified Ag electrodes. 
In addition, the two structural morphologies exhibited for unmodified electrodes 
following H2O2 exposure and modified electrodes prior to H2O2 exposure cannot be 
equated and do not result in similar catalytic behaviours. 
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Figure 3.17. SEM images of unmodified Ag SPEs (A) before and (B) after the 
measurements in 1 M H2O2 solution. SEM images of Ag SPEs modified with 
DBSA/KCl (C) before and (D) after exposure to 1 M H2O2 solution. Accelerating 
voltage of 20 kV. (5.0 k x magnification). 
 
 
The progressive alteration of the surface of the DBSA/KCl modified Ag SPE 
following repeated exposures to H2O2 is shown in Fig. 3.18. After 1 h exposure to H2O2 
there were still many of the spheroidal structures formed following DBSA/KCl 
modification remaining on the electrode surface, as can be seen in Fig. 3.18b. However, 
when the electrode was further exposed to H2O2, the size of these structures diminished 
from approx. 1 µm after 1 h exposure to 100 – 300 nm after 3h, as can be observed from 
Fig. 3.18b-d. This enforces the notion of the involvement of the spheroidal structures 
created on the electrode surface after DBSA/KCl modification in the H2O2 
A) B) 
C) D) 
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decomposition reaction, and also that the change in their morphology over time is 
associated with a decrease in catalytic activity. 
 
 
 
Figure 3.18. SEM images of Ag SPEs modified with DBSA/KCl (A) before exposure 
to 1 M H2O2; and after (B) 1 h, (C) 2 h and (D) 3 h exposure to 1 M H2O2 solution. 
Accelerating voltage of 20 kV. (5.0 k x magnification) 
 
 
3.2.4. Study of the effect of surfactant type and Group I metal chloride salt in the 
modification solutions on electroreduction of H2O2 
 
  Given the catalytic effect that had been observed towards H2O2 reduction when Ag 
SPEs were modified with DBSA/KCl solutions, several other surfactants were studied to 
see what effect this would have on the catalytic process. Initially, sodium dodecyl 
sulphate (SDS) was assessed. This surfactant showed physical characteristics similar to 
A) 
D) 
B) 
C) 
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DBSA: both of them possess a long hydrophobic alkyl chain and a hydrophilic anionic 
head. The salt used as a co-partner for SDS modifying solutions was NaCl as opposed to 
KCl with DBSA. The aim was to check if catalysis towards H2O2 reduction was 
observed when Ag SPEs are pre-treated with SDS solutions and to evaluate the role of 
the salt in this effect. Therefore, Ag SPEs were dipped into solutions with different 
concentrations of SDS (0.5 – 10-7 M), with and without 0.1 M NaCl for 3 h. Once rinsed, 
the electrodes were placed in the working cell (containing 10 ml PBS pH 6.8) and 
amperometry was performed. Cathodic current data from the amperometric responses to 
5·10-3 M H2O2 were correlated with SDS concentration. Fig. 3.19 shows the comparison 
between modification with and without NaCl.  
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Figure 3.19. Plot of current vs log [SDS] obtained during amperometric 
measurements of Ag SPEs at –0.1 V (vs Ag/AgCl) at 5·10-3 M H2O2. The electrodes 
were modified (a) only with SDS or (b) SDS and 0.1 M NaCl.  
 
 
As with DBSA, Ag SPEs modified solely with SDS solutions showed little catalytic 
effect towards H2O2 reduction, even though SDS concentration was increased to 1.5 M. 
However, the presence of NaCl in the modification solutions caused a noticeable 
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enhancement in the cathodic current when Ag SPEs were measured in the presence of 
5·10-3 M H2O2. At 0.1 M NaCl a significant rise in cathodic current was observed from 
10-4 to 10-2 M SDS, where it reached a plateau. Consequently, the SDS concentration 
was fixed at 3.3·10-2 M, to enable comparison with earlier DBSA data, and to investigate 
the effect of different concentrations of NaCl. At the same time, other surfactants were 
assessed in combination with an appropriate salt in the modification solution. Surfactant 
concentration used to pre-treat Ag SPEs was kept constant at 3.3·10-2 M and the salt 
concentrations were varied. However, CTAB was used with a final concentration of 
3.3·10-3 M as at higher concentrations, insoluble aggregates were formed.  
 
Table 3.2. Structure and characteristics of several surfactants. 
Surfactant Typea CMCb / 
mM 
Structure Salt 
Dodecyl  Benzene 
Sulphonic Acid (DBSA) 
 
A 
 
1.6-215, 16 
 
 
 
KCl 
Sodium Dodecyl Sulphate 
(SDS) 
 
A 
 
8-913, 14 
 
 
 
NaCl 
Cetyl 
Trimethylammonium 
Bromide (CTAB) 
 
C 
 
0.9-113, 14 
 
 
 
NaBr 
 
Triton X-100  
 
N 
 
0.2-0.313, 14 
 
 
n = 9-10 
 
KCl 
a
 A, anionic; C, cationic; N, non-ionic. 
b
 CMC – Critical Micelle Concentration. 
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Table 3.2 shows the structures and main characteristics of the surfactants under 
study. The Group I halogen salt used with the surfactants in the modification solutions 
are also presented in Table 3.2. 
Cathodic current data from amperometric measurements using 5·10-3 M H2O2 are 
shown in Fig. 3.20. Ag SPEs exposed to the different surfactant solutions showed 
enhanced catalysis in a manner similar to that seen with DBSA/KCl and SDS/NaCl. No 
remarkable enhancement effect was noticed when the concentration of the respective salt 
in the modification solutions remained below 10-5 M. However, above this 
concentration, a significant catalytic effect towards H2O2 reduction was observed, 
providing the highest reduction current values at salt concentrations in the modifying 
solutions of 10-2 to 1.5 M.  
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Figure 3.20. Plot of current vs log [salt] obtained during amperometric 
measurements of Ag SPEs at –0.1 V (vs Ag/AgCl) at 5·10-3 M H2O2. Electrodes were 
modified with (●) 3.3·10-2 M DBSA/KCl; () 3.3·10-2 M Triton X-100/ KCl; (■) 
3.3·10-3 M CTAB/NaBr or (▲) 3.3·10-2 M SDS/NaCl. Salt concentration ranged 
from 1.5 to 10-7 M. Value at log [salt] = – 10 corresponds to the unmodified Ag 
SPEs.  
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Although the overall behaviour of all the surfactant solutions was the same, there 
were some differences. One of these was the salt concentration at which H2O2 catalytic 
effect was observed. Triton X-100 required the lowest salt concentration to induce 
enhanced catalysis, being 10-4 M KCl, whereas SDS required the highest concentration 
of 0.1 M NaCl. DBSA required at least 10-3 M KCl to show a noticeable increase in 
catalysis, whereas CTAB showed a slight catalytic effect at very low NaBr 
concentrations in the modification solutions (10-7 M), although 0.1 M was required to 
obtain the most significant effect. Therefore, the surfactants under study in this work 
could be ordered from the lowest to the highest salt concentration required in the 
modification solution to show enhanced catalysis towards H2O2 reduction as reported 
below:  
 
Triton X-100 < DBSA < CTAB < SDS 
 
With the exception of CTAB, surfactants followed the same relative order as their 
respective critical micelle concentrations (CMC): 
 
Triton X-100 (0.2-0.24) < CTAB (0.9-1) < DBSA (2) < SDS (7-10) 
 
The different behaviour observed with CTAB could be explained as a result of the 
lower concentration of CTAB (3.3·10-3 M) employed for the modification solutions, 
which was ten times lower than that for the other surfactants (3.3·10-2 M). It is also 
worth noting that this was the only one with Br- as counter-ion, which might lead to 
alterations or different behaviours during the formation of surfactant aggregates. 
As is well-known, surfactants can form several types of organized structures in 
aqueous solutions as a function of concentration and/or experimental conditions.13-15, 38 
Typical surfactant aggregate structures are shown in Fig. 3.21.  
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Figure 3.21. (i). Simplified surfactant structure. (ii). Typical surfactant aggregates: 
(a) cylindrical structures, (b) lamellar structures and (c) spherical micelles.41 
 
 
Spheroidal micelles are the simplest aggregates formed by surfactants at low 
concentrations. When the surfactant concentration increases, cylindrical structures are 
observed, and above 30–40% (w/v) of surfactant, liquid crystalline phases are formed. 
These structures result from the aggregation of surfactant molecules into large domains, 
often of hexagonal or lamellar structures. However, surfactant concentration is not the 
only cause of changes in shape and structure. There are also other methods of inducing 
aggregate growth, which includes the addition of a salt such as NaCl, the addition of 
cosurfactants, changes in the counterions and the use of surfactant mixtures. Moreover, 
whereas solutions containing spherical micelles have low viscosity, the liquid crystalline 
phase (especially the hexagonal phase) exhibit very high viscosity values.13  
The transition of micelles of the anionic surfactant sodium 
dodecylbenzenesulphonate (NaDBS) into lamellar aggregates by the addition of alkali 
metal chlorides was studied in dilute aqueous solution by Sein and Engberts.15 The 
behaviour of NaDBS was described as a function of salt concentration, where the salt 
was varied along the lyotropic series (LiCl to CsCl). The cation hydration changes 
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dramatically along this series, from highly hydrated for Li+ to weakly hydrated for Cs+. 
On a molecular level, an increase in alkali metal cation concentration induced the 
packing of molecules into lamellar structures, which was facilitated by the increase in 
counterion binding and by the dehydration of the headgroup due to the addition of a 
salting-out electrolyte. Both effects would encourage a closer packing of the surfactant 
headgroups, which produced the rearrangement from micelles into lamellae. Less 
hydrated ions led to an increase in counterion binding, i.e. a decreasing electrolyte 
concentration from LiCl to CsCl was required to induce the packing in a lamellar array.  
In the present work, both DBSA and SDS modification of, or exposure to Ag SPEs, 
in the presence of an alkali chloride salt (KCl and NaCl, respectively) produced similar 
catalytic responses when H2O2 reduction currents were plotted versus salt concentration. 
The catalytic effect of the modified electrodes was only significant above a certain salt 
concentration. Moreover, the highest cathodic currents were detected when the viscosity 
from the modification solutions was increased, with the formation of precipitates in the 
bulk solution being noted. Therefore, the catalytic effect observed by Ag SPEs on H2O2 
reduction following pre-treatment with these surfactant-based solutions could be related 
to the formation of micelles or lamellar arrays by the surfactants in the presence of 
increasing salt concentration. Such structures would be formed in the solution and might 
become subsequently deposited or assembled at the electrode surfaces. Baryla et al.35 
recently studied the adsorption mechanisms and aggregation properties of CTAB and 
used atomic force microscopy (AFM) to image and determine the aggregate morphology 
of the surfactant on coated surfaces. They also reported the surfactant concentration 
dependence of the micellar coating on fused silica substrates as well as the effect of 
ionic strength on the surface assembly of CTAB. At low phosphate buffer ionic strength, 
CTAB formed spherical aggregates on the substrates whereas at higher ionic strength 
(0.1 M) a combination of short rods and spherical aggregates was observed. As has been 
shown previously, surfactant monomers form aggregates in aqueous solution because of 
the hydrophobic interactions between the long hydrocarbon chains which seek to 
minimise their interaction with water, and the hydrophilic head groups which favour 
interactions with water. The favourable interactions of adjacent amphiphiles are limited 
by the unfavourable electrostatic repulsion between the polar headgroups. Increasing the 
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ionic strength of the buffer minimizes this repulsion by ionic screening, which leads to 
the formation of different morphologies such as lamellae. Therefore, surfactants in such 
a conformation are likely to be deposited onto a surface in different morphologies 
depending on the salt concentration in the solution.35, 42, 43 This effect could explain the 
dependence of the catalytic reduction current (icat) with [XCl] observed in the present 
work. To a certain extent, increasing the salt concentration in the surfactant-based 
modification solution would favour the formation of micelles or other highly packed 
aggregates, which are subsequently deposited on, or in some other way interact with the 
Ag SPE surface. Whatever the process, this appears to provide an appropriate 
environment to perform the significantly enhanced reduction of H2O2 observed.  
 
3.2.4.1. Chloride salts with different Group I cations 
 
In order to study the effect of the counter-cation size from the chloride salts used in 
the modification solution on catalysis, Ag SPEs were dipped into solutions containing 
3.3·10-2 M DBSA with a range of concentrations of the respective chloride salts ( XCl, X 
= Li, Na, K or Cs). Then, the electrodes were rinsed and placed in PBS pH 6.8, where 
amperometric measurements were performed at –0.1 V (vs Ag/AgCl) in 5·10-3 M H2O2 
(Fig. 3.22).   
Ag SPEs modified with different alkaline salts combined with 3.3·10-2 M DBSA 
showed similar patterns of catalysis with an onset above approx. 10-4 M salt and peaking 
at 10-1 M, except DBSA/LiCl peaking at 1 M salt concentration. At 10-3 M, the cathodic 
currents obtained for all DBSA/salt modification solutions were similar and ranged 
between 1.4-1.7·10-5 A. When the salt concentration in the modification solution 
increased, the cathodic current interval was spread, showing significant differences 
depending on the salt type in the modification solution. At 10-2 M, the highest catalytic 
activity was shown by the electrode exposed to DBSA/NaCl, with 2.2·10-5 A, followed 
by KCl (1.9·10-5 A), LiCl (1.7·10-5 A) and CsCl (1.3·10-5 A). The greatest cathodic 
current were obtained at 10-1 M salt concentration, with 2.4·10-5 A for NaCl, 2.2·10-5 A 
for KCl and 2.0·10-5 A for CsCl whereas the maximum value for LiCl, 2.1·10-5 A, was 
obtained at 1 M concentration. DBSA/KCl combination was chosen for further 
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modifications as it presented cathodic currents in the same order than the rest of 
DBSA/XCl combinations and have already been proven as a catalyst for H2O2 
decomposition as well. 
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Figure 3.22. Plot of current vs log [XCl] obtained during amperometric 
measurements of Ag SPEs at –0.1 V (vs Ag/AgCl) at 5·10-3 M H2O2. The electrodes 
were modified with mixtures of 3.3·10-2 M DBSA and different concentrations of: 
(●) LiCl  ; (■) NaCl ; (▲) KCl or () CsCl. Salt concentration ranged from 1.5 to 
10-7 M. Value at log [salt] = – 10 corresponds to the unmodified Ag SPEs.  
 
 
Moreover, the fact that all the salts resulted in catalytic activity in the same 
concentration range in the modification solution might be related again to the formation 
of surfactant aggregation in the solution. As was mentioned earlier, Sein and Engberts15 
studied the transition of surfactant micelles into lamellar structures when the 
concentration of alkali chloride in solution was increased. They observed that in the 
concentration range of approx. 0.05·10-3 M for CsCl to 1.1·10-3 M for LiCl, surfactant 
aggregates changed from micelles to unilamellar or flocculated multilamellar structures. 
This salt concentration range agrees with that of the enhanced H2O2 reduction process 
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observed in the present study and shown in Fig. 3.22. At 3.3·10-2 M DBSA, more than 
ten times the DBSA CMC, surfactant is found as micelle aggregates in the modification 
solution. Dominguez38 has also recently reported the formation of hemicylindrical 
aggregates of SDS molecules on graphite surfaces at different salt (NaCl)/water 
solutions. He performed a molecular dynamics simulation study and the results were 
compared to those obtained experimentally by atomic force microscopy (AFM). Again, 
the aggregates exhibited different structures as the salt concentration was increased. 
Without salt, the hemicylindrical aggregates showed only two well-defined layers due to 
the adsorption of the SDS tails on the graphite surface. At low NaCl concentration, a 
third layer was observed, which vanished at high salt concentration. Any change in 
solution properties which causes a reduction in the effective size of hydrophilic head 
groups, i.e. the addition of an electrolyte, will change the aggregate size and shape of the 
micelle structures.44 When a salt is added to the modification solution, unilamellar or 
multilamellar structures are formed, which interact with the Ag SPE electrodes 
providing an enhanced ability for H2O2 reduction. The higher the salt concentration, the 
greater the catalytic activity shown by the Ag SPEs. At [salt] > 1 M, the catalytic 
currents decreased, which might be explained by the breaking-down of the surfactant 
aggregates in the modification solution or the decreasing interaction between the latter 
and the electrode surface.38  
 
3.2.5. Detailed insights of the catalytic process 
 
The modification of Ag SPEs with a surfactant/salt combined solution has shown to 
improve notably both the electrochemical reduction and decomposition of H2O2. That 
phenomenon was first detected following the exposure of the electrodes to a DBSA/KCl 
solution. The formation of spheroidal structures on the electrode surfaces was observed 
after the modification. The fact that the catalytic effect was only significant above a 
certain salt concentration and that surfactant concentrations in solution were above their 
CMC led to the conclusion that the formation of micelles or other highly packed 
aggregates was occurring in the solutions. Those structures would be subsequently 
deposited on, or in some other way interact with the Ag SPE surface, providing an 
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enhanced surface for H2O2 reactions. So far, surfactant, salt and Ag seem to be 
implicated in the modification and catalytic process, although other materials such as the 
binder from the Ag ink can not be neglected, which may serve as a surface for 
orientation of the hydrophobic tails of the surfactant. As will be commented on in 
Chapter 4, pure metallic electrodes (Au, Pt and even Ag), where the binder was not 
present, did not exhibit such significant catalytic enhancement after the surfactant/salt 
modification. Therefore, the binder might play an important role in the modification of 
Ag SPEs, at least. 
As was suggested above, a possible explanation of the catalytic phenomenon would 
imply the formation of lamellar structures in the surfactant/salt solution, which interact 
with the Ag SPE electrode surface. That would explain the dependence on the salt and 
surfactant concentration in solution. That would also explain the increase in the non-
faradaic current of the cyclic voltammograms of the Ag SPEs after the modification due 
to the formation of a surfactant-salt film which would change the dielectric constant of 
the surface. Moreover, the decrease of the surface area by BET analysis would agree 
with the formation of a film, which would block gas adsorption and would show lower 
available surface area.  
Such a film might lead to the formation or stabilization of OHads or OH radical that 
are generally implicated in the electrochemical reduction and decomposition of H2O2. 
Thus, the following mechanism has been proposed by several authors for the 
electrochemical reduction of H2O2 on Ag:3, 45 
 
  H2O2 + e- → OHads + OH- 
  OHads + e- ↔ OH- 
  2OH- + 2H+ ↔ 2H2O 
 
with the first step as the rate-determining one.45 Therefore, any structure that 
stabilizes OHads would favour the reaction. 
The increase of surface area as the explanation for the catalysis observed did not 
seem to be supported by BET analysis or any other solid evidence. However, the 
presence of a surfactant/salt film might hinder the measurements of surface area, 
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although be permeable to H2O2. Therefore, the possibility of an increase of the surface 
area can not be completely rejected, although is not very probable. 
SEM and EDX analysis showed the presence of spheroidal structures and Cl on the 
surface after the modification. Those structures seemed to be reduced and Cl washed off 
the surface after the electrochemical reduction of H2O2. The interaction of the lamellar 
structures with the Ag SPE electrode surface, maybe through the binder, might lead to 
the formation of these structures with Ag and Cl. This does not mean that AgCl is 
formed. Ag metallic and Cl- might be confined inside, or surrounded by, the lamellar 
structures. During the electrochemical reduction of H2O2, Ag would be oxidized to Ag+ 
and AgCl would be formed, precipitating into the solution. That would explain that no 
Cl would be detected after the electrochemical reduction.  
The formation of a “head-up” surfactant/salt structures on the surface would justify 
the higher hydrophilicity of the modified electrodes compared to the unmodified ones. 
In regards to the decomposition process, there was no evidence that the 
electrochemical reduction was coupled with the former. Only the modification of the 
spheroidal structures after both processes might suggest that those structures were 
involved in both phenomena, but not necessary following a common pathway. Some 
authors in the literature have reported the effect of H2O2 decomposition during the 
electrochemical reduction of H2O2. Welch et al.3 attributed the shoulder exhibited at -0.7 
V vs. SCE (approx. -0.66 V vs. Ag/AgCl) in the reduction wave to the electron-
reduction of oxygen, produced via the silver-catalysed decomposition of H2O2. That 
phenomenon was only observed when the silver nanoparticles demonstrated a 
determined small size because only then did the relative rate of this process become 
sufficiently raised for its current to be seen. Guascito et al.9 observed a new reduction 
process between 0 and -0.1 V vs. SCE for H2O2 concentrations larger than 2.5·10-3 M 
when H2O2 was reduced on a Pt electrode modified with a polyvinyl alcohol (PVA) film 
with Ag nanoparticles in it. They related that process to the oxygen reduction formed 
from H2O2 decomposition catalyzed by silver and it was confirmed with a Clark 
electrode. In the present work, no evidences of O2 influence during H2O2 
electrochemical reduction was detected. Amperometric measurements were performed 
in the presence and absence of O2 in the solution and no noticeable differences were 
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observed, maybe due to the low H2O2 concentrations (1 to 5·10-3 M) used for the 
electrochemical measurements. 
In the case of the decomposition, the surface modification might decrease the energy 
of activation (Ea) required due to a surface structure that stabilises the intermediate for 
H2O2. Strictly, a catalyst is a substance that accelerates a reaction but undergoes no net 
chemical change. The catalyst lowers the activation energy of the reaction by providing 
an alternative path that avoids the slow, rate-determining step of the uncatalysed 
reaction.46, 47 Therefore, the surfactant-salt structures formed onto the Ag SPEs might 
provide an alternative path that requires lower Ea and increase the rate of the reaction 
respect to the unmodified ones, as will be seen in Chapter 4. However, as will be 
commented, the catalytic surfaces seemed to lose their properties over a number of 
decomposition reactions. That could be due to the direct implication of the modification 
on the decomposition process. Thus, many substances classified as catalysts are 
destroyed either as a result of the process that gives them their catalytic activity or 
because of subsequent combination with the products. From a practical point of view, a 
catalyst can be considered as a substance that changes the rate of a desired reaction, 
regardless of the fate of the catalyst itself.48 
Regarding the electrochemical reduction, the modified electrodes provided an 
increase of approx. 100-fold in the cathodic currents respect to the unmodified ones. 
However, the differences in mass after 8 min in 1 M H2O2 was only 16-fold higher for 
the modified electrode compared to the unmodified one. Such a difference might 
indicate that the catalyst seemed to further enhance the electrochemical catalysis over 
H2O2 decomposition. But it is worth highlighting that the former was performed at H2O2 
concentrations from 1 to 5·10-3 M whereas the latter was carried out at 1 M H2O2. High 
H2O2 concentrations might destroy the surface modification, which result in a poorer 
apparent H2O2 decomposition process. As will be commented on in Chapter 5, surface 
modification seems to be very sensitive to other reactions occurring in the bulk solution. 
It will demonstrate a significant decrease in the electrochemical H2O2 response 
occurring on the modified electrodes after the enzymatic reaction glucose oxidase 
(GOx)-glucose was performed in the solution. 
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3.3. CONCLUSIONS 
 
Hydrogen peroxide reduction was shown to be enhanced on Ag SPEs after their 
modification with DBSA/KCl solutions. Modification with 3.3·10-2 M DBSA and 0.1 M 
KCl for 3 h has been presented as the optimum conditions in order to obtain the highest 
cathodic current, assessed in the presence of 5·10-3 M H2O2. Moreover, the reduction 
process was highly favoured in basic solutions for the modified electrodes. SEM images 
presented the formation of spheroidal structures on the modified surfaces, which 
consisted of Ag and Cl, which were affected after the electrochemical H2O2 reduction on 
them, remaining as only Ag-based structures, as was evidenced by EDX. Two possible 
explanations to the catalytic effect shown by DBSA/KCl modified Ag SPEs have been 
suggested. On one hand, the surfactant/salt combination may undergo changes on the Ag 
morphology with the subsequent formation of nanostructures, which would increase the 
active surface area available to perform the electrochemical H2O2 reduction. On the 
other hand, the micellar or lamellar structures possibly formed by the DBSA/KCl in 
solution may have become deposited onto the Ag SPE in some way, creating an 
enhanced surface for the catalytic processes. The catalytic process was also shown to 
occur with other combinations of surfactants and group I halide salts and is not specific 
for DBSA and KCl. 
The surfactant-based modification on Ag SPEs also seemed to induce an 
enhancement on H2O2 decomposition. The greater differences of mass due to the release 
of O2 during H2O2 decomposition after the electrodes were treated with DBSA/KCl 
showed the surfactant-based solution produced an improvement in the catalytic process.  
To sum up, Ag SPEs after the modification with DBSA/KCl resulted in a potential 
alternative to electrochemically quantify H2O2 concentration. The potential simplicity 
and low cost of manufacture makes this non-enzymatic device a unique platform for 
H2O2 sensing. 
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4.1. INTRODUCTION 
 
Chapter 3 demonstrated the catalytic activity of surfactant/salt modified Ag SPEs on 
the electrochemical reduction and decomposition of H2O2 at silver paste electrodes. It 
was suggested that the combination of surfactant and salt may form stabilized lamellar 
structures. Those structures were proposed to interact with the Ag SPE electrode surface, 
leading to the formation of structures that catalyze both processes. The creation of 
spheroidal structures on the surface after the exposure to the surfactant/salt solution 
seemed to be related to the catalysis as they were diminished after the electrode reaction 
with H2O2. However, the nature of such an interaction between the surfactant/salt 
structures and the electrode surfaces was not fully understood. Ag ink used to fabricate 
the screen printed electrodes is a complex material made of metallic Ag as well as 
organic solvents and thermoplastic resin binders to maintain the structure of the ink and 
make it printable.3 The possibility that the binder present in the Ag ink played a role in 
the formation of the more catalytic surface was considered. To simplify the surface and 
understand the relationship between the metal conductor and the surfactant/salt 
modification, metallic electrodes were employed to investigate the nature of the 
catalysis. 
In the present work, therefore, a range of materials including Ag-based and other 
metallic electrodes are used to help understand what was happening on the electrode 
surfaces after the surfactant/salt modification. The effect of the modification on the H2O2 
reduction and decomposition was assessed mainly by amperometry. In addition, 
Scanning Electron Microscopy (SEM) measurements were performed to characterize the 
electrode surfaces before and after the surfactant-based modification. Comparison of 
H2O2 detection by Ag-based electrodes of varying quality and other metal-based 
electrodes such as Au and Pt are shown and the effect of their modifications was also 
studied. A kinetic study of the H2O2 decomposition process on the above-mentioned 
metallic surfaces was also carried out. The apparent and heterogeneous rate constants for 
these processes were calculated and the values compared with the data already existing 
in the literature. 
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4.2. RESULTS AND DISCUSSION 
 
After the study of DBSA/KCl modification of Ag SPEs and their catalytic activity 
towards H2O2 decomposition and electrochemical reduction, the same effect on other 
metallic electrodes was subsequently investigated. Other silver-based electrodes such as 
metallic Ag (99.9%) or sterling Ag (92.5%), as well as gold and platinum-based 
electrodes were assessed and their catalytic activity on H2O2 reactions was compared to 
Ag SPEs. 
 
4.2.1. Silver-based electrodes  
 
4.2.1.1. Electrochemical characterization  
 
Planar Ag (99.9%) metallic electrodes were used to study the catalytic effect on 
H2O2 following their modification with DBSA/KCl. The electrodes were polished using 
0.3 µm first and then 0.05 µm of alumina powder, and sonicated in distilled water for 5 
min to remove any possible impurities on the surface. Next, they were dipped into 
3.3·10-2 M DBSA/ 0.1 M KCl solutions for 3 h, rinsed copiously with distilled water and 
placed in a working cell containing 10 ml PBS, pH 6.8. Cyclic voltammograms and 
amperometric measurements were performed in 0-5·10-3 M H2O2. The measurements 
obtained with the modified electrodes were compared to those from the unmodified ones 
(Fig. 4.1). As can be observed, no enhancement was observed following the 
modification. Thus, the cathodic currents obtained with the unmodified and modified Ag 
(99.9%) electrodes in the presence of 5·10-3 M H2O2 were 1.13·10-7 A and  1.15·10-7 A, 
respectively. The metallic silver (99.9%) electrodes were also pre-treated in HCl at +1 V 
(vs Ag/AgCl) for 2 s to electrochemically form AgCl on the electrode surface,4 but no 
enhancement of the amperometric responses was obtained.       
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Figure 4.1. Amperometric responses of planar Ag (99%) metallic electrodes 
measured at –0.1 V (vs Ag/AgCl) in PBS pH 6.8: (a) unmodified; (b) 3h DBSA/KCl 
modified, at H2O2 concentrations from 1 to 5·10-3 M. 
 
 
SEM imaging of the metallic Ag (99.9%) electrodes was performed before and after 
DBSA/KCl modification. Metallic Ag (99.9%) did not show the formation of any 
surface structures or increasing roughness after the pre-treatment in DBSA/KCl for 3h, 
as is observed by comparing Fig. 4.2a and 4.2b. This data was in agreement with the 
lack of catalytic effect on H2O2 reduction. It reinforces the belief that the creation of the 
spheroidal structures on the Ag SPE surface after DBSA/KCl modification is related to 
the enhancement of H2O2 reduction.  
The same procedure performed with Ag SPEs and planar metallic Ag (99.9%) 
electrodes was also applied to other available silver-based substrates, such as 0.5 mm 
diameter Ag wire (99.9%) and sterling Ag (92.5%). The electrodes were modified in 
DBSA/KCl for 3 h and then placed in a working cell containing 10 ml PBS pH 6.8, 
where amperometric measurements were performed at –0.1 V. Cathodic currents from 
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5·10-3 M H2O2 were recorded and compared to those obtained for Ag SPEs and planar 
metallic Ag (99.9%) electrodes. 
 
        
 
Figure 4.2. SEM images using SE detection of metallic Ag (99.9%) electrodes (a) 
unmodified and (b) DBSA/KCl modified after 3h. Accelerating voltage of 20 kV. 
(5.0k x magnification).  
  
 
As with planar metallic Ag (99.9%) electrode substrates, little enhancement in the 
reduction currents were observed with the DBSA/KCl modified Ag wire and sterling Ag 
(92.5%) electrodes with respect to the unmodified ones. Thus, the unmodified Ag wire 
exhibited a cathodic current of 4.7·10-8 A at 5·10-3 M H2O2 whereas the DBSA/KCl 
modified one showed 4.1·10-8 A (Fig. 4.3). 
AgCl was also electrochemically formed onto the Ag wire electrodes by applying the 
same conditions mentioned above4 and the electrodes were subsequently tested in the 
presence of H2O2 (Fig. 4.3). The increased deposition of AgCl on the Ag wire electrode 
did lead to an increase in the catalytic current. Thus, the cathodic current at 5·10-3 M 
H2O2 was 1.0·10-6 A for a Ag wire electrode after 2 s in 0.1 M HCl and reached 2.3·10-6 
A after 3 x 5 s exposures in 0.1 M HCl. The formation of AgCl on the surface also led to 
an increase in the background noise and current. For the latter, 4.6·10-8 A was observed 
for the unmodified electrode whereas 2.7·10-6 A was exhibited by the electrode modified 
5 s in 0.1 M HCl three times, which reflected the increasing level of surface 
modification.   
 
a) b) 
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Figure 4.3. Amperometric responses of Ag wire electrodes measured at –0.1 V (vs 
Ag/AgCl) in PBS pH 6.8: (a) unmodified; (b) DBSA/KCl modified; (c) AgCl 
electrochemical formation after 2 s at +1 V (vs Ag/AgCl) in 0.1 M HCl (d) AgCl 
electrochemical formation after 5 s at +1 V (vs Ag/AgCl) in 0.1 M HCl three times, 
at H2O2 concentrations from 1 to 5·10-3 M. 
 
 
This catalytic effect on H2O2 reduction after the electrochemical formation of AgCl 
on the surface could be due to the increase of the electrode surface area, as has been 
previously reported. Lian et al.1 reported the increased roughness of Ag electrodes by 
electrochemical oxidation-reduction cycles in a KCl solution. During the anodic process, 
Ag was oxidized to form a Ag-Cl complex, which was very helpful for the subsequent 
formation of Ag nanoparticles during the cathodic process. The roughened electrode did 
show noticeable increases of the amperometric responses to H2O2. That would explain 
the increase in the catalytic response of the Ag wire electrode after AgCl formation. 
However, there is no direct evidence that relate the formation of AgCl with the 
spheroidal structures that appeared on the electrode surfaces following DBSA/KCl 
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exposure, which are though to be in part responsible of the catalytic activity towards 
H2O2 decomposition and electrochemical reduction shown in Chapter 3. 
 
4.2.1.2. H2O2 decomposition 
 
H2O2 decomposition was then analysed on Ag metallic electrodes (92.5% and 
99.9%) using the same conditions as for the Ag SPEs. The initial aim was to check if the 
catalytic effect was also observed on these substrates and to assess the influence of Ag 
surface on the H2O2 decomposition process. The mass differences were expressed per 
unit area (g/cm2). The area values used in the experiments were the geometric areas 
because the narrow potential range in which Ag is not electroactive prevented the 
accurate calculations of their electroactive areas electrochemically.  
The measurements of the 92.5% and 99.9% metallic electrodes (before and after 
modification) are shown in Fig. 4.4 and 4.5, respectively.  
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Figure 4.4. Change of mass per unit area versus time for (a) unmodified and (b) 
modified 92.5% Ag electrodes upon repeated exposure to 1 M H2O2 solution for 1 
hour. The number of exposures is indicated besides each graph. 
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Unlike SPEs, the metallic Ag electrodes did not show decreased responses after 
multiple H2O2 exposures. On the contrary, higher mass decreases were observed on the 
unmodified 92.5% Ag electrodes as the number of exposures increased and a steady-
state was shown by the same electrodes after DBSA/KCl modification. The 99.9% 
metallic Ag electrodes also showed a stable response after being exposed to H2O2 
solution for 1 hour, either in the modified or unmodified state. Overall, the 99.9% Ag 
electrodes showed significantly higher mass reductions than the 92.5% Ag, irrespective 
of the state of modification. These differences were approximately ten-fold after 1 hour 
of exposure to H2O2. Again, the non-linearity of the modified 92.5% electrode seems 
significant – in instances where modification has enhanced the catalysis, this seems to be 
non-linear in nature. 
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Figure 4.5. Change of mass per unit area versus time for (a) unmodified and (b) 
modified 99.9% metallic Ag electrodes upon exposure to 1 M H2O2 solution for 1 
hour. 
 
 
Figure 4.6 shows the compiled responses of SPEs and metallic 92.5% and 99.9% Ag 
electrodes, before and after the DBSA/KCl modification. The data correspond to the 
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initial exposure of each electrode to H2O2. The catalytic effect observed after surfactant-
base modification of Ag SPEs appears to be partially observed in the 92.5% Ag 
electrodes. However, the catalytic responses after modification were only three times 
higher than before for the 92.5% Ag electrodes, whereas this was about eight times 
better in the case of SPEs. No enhancement in H2O2 decomposition was observed on the 
99.9% Ag electrode after surfactant-based modification.  
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Figure 4.6. Hydrogen peroxide decomposition rate for (a) unmodified and (b) 
modified (circle) 92.5%, (triangle) SPE and (square) 99.9% Ag electrodes when 
exposed to 1 M H2O2 solution for 1 hour. These data correspond to the first 
repetition of each electrode. 
 
 
Therefore, DBSA/KCl modification seemed to enhance H2O2 decomposition only on 
Ag SPE and metallic 92.5% Ag electrodes whereas no improved catalytic process was 
observed on metallic 99.9% Ag electrodes. 
Scanning electron microscopic images of the unmodified metallic 92.5 and 99.9% 
Ag electrodes were obtained before and after exposure to 1 M H2O2 solution (Fig. 4.7). 
As can be observed, the unmodified 92.5 and 99.9% Ag metallic electrodes presented 
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smoother surfaces than the SPE electrodes (Chapter 3, Fig. 3.17). Between these two 
electrodes, the 99.9% Ag metallic seemed to be the smoothest one and only some 
scratches were shown on its surface possibly due to the polishing process whereas the 
92.5% Ag metallic surface showed many surface defects, pitting, etc.  
 
 
 
Figure 4.7. SEM images of unmodified sterling 92.5% Ag electrodes (A) before and 
(B) after being exposed to 1 M H2O2 solution and 99.9% Ag metallic electrodes (C) 
before and (D) after H2O2 decomposition measurements. Accelerating voltage of 20 
kV. (5.0 k x magnification) 
 
 
Following exposure to H2O2, the formation of reaction products which increased 
surface roughness was again observed. However, the 92.5% Ag metallic surface seems 
to be less affected by H2O2, which agrees with the low differences of mass obtained with 
this electrode. On the other hand, 99.9% Ag electrode shows the roughest surface after 
D) C) 
B) A) 
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H2O2 decomposition in comparison with the surface before as well as the highest 
differences of mass observed for that process. 
Fig. 4.8 shows SEM images of the modified metallic electrode before and after 
exposure to H2O2.  
 
 
 
Figure 4.8. SEM images of modified sterling 92.5% Ag electrodes (A) before and 
(B) after exposure to 1 M H2O2 solution and 99.9% Ag (C) before and (D) after 
H2O2 decomposition measurements. Accelerating voltage of 20 kV. (5.0 k x 
magnification) 
 
 
As with Ag SPEs, similar high contrast clusters were observed on the sterling 92.5% 
Ag electrodes after DBSA/KCl modification, which appeared to be associated with the 
surface defects of the Ag, whereas 99.9% Ag electrode surfaces did not show any such 
structures after the surfactant-based modification. Again the formation of rougher 
A) B) 
C) D) 
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surfaces after the reaction with H2O2 was observed in all the Ag electrodes with the 
difference that either the formation of holes or the creation of reaction products on 
sterling 92.5% Ag electrodes was more pronounced (Fig. 4.7b and 4.8b) whereas no 
noticeable changes relative to the unmodified substrates were shown by metallic 99.9% 
Ag electrodes (Fig. 4.7d and 4.8d). During the H2O2 decomposition reaction, sterling 
92.5% Ag electrodes did show greater levels of O2 evolution after modification, which 
agreed with the rougher surfaces exhibited by the electrode in comparison with the 
unmodified one. The high contrast clusters evident before exposure to H2O2 were no 
longer evident, but were replaced with the edges of the surface defects on the silver 
showing a high contrast which suggests some structural modification at these sites. 
Although not quantified, the surface defects seemed to be etched and larger in size 
following H2O2 decomposition.  
In contrast, the 99.9% Ag electrode showed no difference in surface morphology 
before and after DBSA/KCl treatment, suggesting a lack of any surface modification. 
However, both surfaces showed a significantly different morphology following exposure 
to H2O2 with what appeared to be a roughened surface with an apparently crystalline 
morphology. The nature of these structures was not determined. 
Therefore, as was observed before for Ag SPEs, the formation of structures on the 
electrode surface following DBSA/KCl treatment seemed to be directly implicated in the 
enhancement of the H2O2 decomposition reaction. 
 
4.2.2. Gold-based electrodes  
 
4.2.2.1. Electrochemical characterization  
 
Other noble metallic substrates were assessed in order to check if it was an isolated 
effect from Ag surfaces or a general behaviour from this group of metallic elements. 
Several gold-based electrodes were evaluated and their responses compared to those 
obtained with silver-based electrodes. In addition, the relationship between metallic Au 
electrodes and Au paste electrodes was also assessed. 
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Gold screen printed electrodes (Au SPEs) were directly exposed to 3.3·10-2 M 
DBSA/ 0.1 M KCl for 3 h without any prior pre-treatment, rinsed with distilled water 
and placed in a working cell containing 10 ml PBS, pH 6.8, where cyclic voltammetry 
and amperometry were performed. Three types of Au SPEs were assessed. The current 
densities of these electrodes to 5·10-3 M H2O2 at –0.1 V (vs. Ag/AgCl) are shown in 
Table 4.1, before and after DBSA/KCl modification.  
 
Table 4.1. Cathodic current densities of Au SPEs to 5·10-3 M H2O2 at –0.1 V (vs. 
Ag/AgCl) before and after DBSA/KCl treatment. These are also compared with Ag 
SPE and Au (99.9%). 
Electrode Area / cm2 junmod (x106) /  
Acm-2 
jmod (x106) /  
Acm-2 
jmod/junmod 
Au SPE AT 
(Dropsens) 
0.126 0.7 8.0 12.2 
Au SPE BT 
(Dropsens) 
0.126 0.3 0.5 1.9 
Au SPE 
(DuPont) 
0.045 (unmod)/ 
0.040 (mod) 
1.7 11.2 6.6 
Ag SPE 0.126 3.1 273.6 88.8 
Au (99.9%) 0.031 41.1 31.7 0.8 
 
 
Au SPEs showed some enhancement of the H2O2 reduction current after the 
modification with DBSA/KCl, although this effect was not so marked as that shown by 
Ag SPEs. Thus, the highest ratio of cathodic current density obtained for a modified Au 
SPE compared to an unmodified one was approx. 12, whereas almost 90 was the ratio 
obtained with Ag SPEs. Regarding the Au electrodes from Dropsens, Au SPE AT (cured 
at high temperature) showed a more noticeable catalytic effect after DBSA/KCl pre-
treatment, with approx. 8.0·10-6 Acm-2, than Au SPE BT (cured at low temperatures), on 
which the cathodic current was only 0.5·10-6 Acm-2. Although there was already a three-
fold difference between their cathodic currents in the unmodified state, this contrast was 
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more remarkable after the modification, with a sixteen-fold difference. The variation 
between both electrodes could be a consequence of the different surface roughness or 
type of binder used in the preparation of the electrodes. 
Generally, electrodes cured at higher temperature show rougher surfaces because the 
organic compounds presented in the printable ink are evaporated from the substrates 
when the temperature increases.5 However, in this case, Au SPEs BT exhibited rougher 
surfaces6 may be because the application of low temperature but high enough to 
evaporate the solvent would lead to the formation of smaller Au particles on the surface. 
Thus, Au SPEs AT might be more prone to DBSA/KCl modification because the 
surfaces seemed to present higher amount of binder exposed than Au SPEs BT. This 
would favour the interaction of the lamellar structures with the electrode surfaces with 
the subsequent enhancement of such modified surfaces towards H2O2 decomposition. 
Alternatively, the catalysis may depend on the nature of the binder used for ink 
fabrication which may favour the formation of surfactant/salt lamellar structures. In any 
case, the catalytic effect obtained by the gold-based SPEs was very low in comparison to 
that of Ag SPEs. One possible explanation is the higher tendency of Cl- in the 
modification solution to form AgCl rather than AuCl (standard enthalpies of formation 
of AgCl and AuCl are -127.0 and -34.7 kJmol-1, respectively),7 which was previously 
observed as a likely important step in the subsequent enhancement of H2O2 reduction. 
However, the relevance of Cl- in the catalytic process is still far from certain. The other 
possible explanation is that Au is just inherently less catalytic for H2O2 than Ag, either 
modified or unmodified.8  
Planar metallic Au (99.9%) electrodes (A = 0.031 cm2) were also assessed. They 
were polished using first 0.3 µm and later 0.05 µm alumina. Then, they were rinsed and 
sonicated in distilled water. Once cleaned, they were exposed to 3.3·10-2 M DBSA/ 0.1 
M KCl for 3 h. The amperometric responses at –0.1 V (vs Ag/AgCl) obtained in PBS pH 
6.8 before and after DBSA/KCl modification are shown in Fig. 4.9 and the data given in 
Table 4.1. DBSA/KCl modification did not seem to improve the catalytic properties of 
metallic Au (99.9%) electrodes, as can be observed by comparing the amperometric 
responses from the unmodified and DBSA/KCl modified electrodes. While 41.1·10-6 
Acm-2 was achieved with the unmodified Au metallic electrode in the presence of 5·10-3 
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M H2O2, only 31.7·10-6 Acm-2 was obtained following DBSA/KCl modification. On the 
other side, comparison of these data with those for unmodified Ag SPEs, metallic Au 
(99.9%) showed higher reduction current values, which is probably due to the higher 
available metallic surface area. However, the Ag SPEs showed greater increases in 
catalytic currents when treated with DBSA/KCl than did metallic Au. This may relate to 
availability of surface defects for the deposition/modification sites not available on 
planar metallic Au (99.9%) as well as for the absence of binder. 
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Figure 4.9. Amperometric responses of metallic Au (99.9%) electrodes measured at 
–0.1 V (vs. Ag/AgCl) in PBS pH 6.8: (a) unmodified and (b) DBSA/KCl modified, at 
H2O2 concentrations from 1 to 5·10-3 M. 
 
 
4.2.2.2. H2O2 decomposition 
 
Further to the study of the catalytic decomposition effect of H2O2 on silver-based 
electrodes, the same effect was also studied on the gold-based electrodes. Metallic Au 
(99.9%) electrodes were polished using 0.3 and 0.05 µm alumina, and subsequently 
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rinsed with distilled water and sonicated for 5 min in order to clean the surfaces before 
the modification. Then, they were immersed in fresh 3.3·10-2 M DBSA/ 0.1 M KCl 
solution for 3 hours. Au SPEs were directly dipped into the surfactant-based solution 
without any pre-treatment. Subsequently, H2O2 decomposition was analyzed by 
submerging the electrodes in 1 M H2O2 solution for 1 h. Mass differences were 
registered every minute and compared to the previously obtained decomposition data for 
silver-based electrodes. The data from the metallic Au and SPEs are presented in Fig. 
4.10 and Fig. 4.11, respectively. All gold-based electrodes showed little differences in 
H2O2 decomposition rates before and after DBSA/KCl modification.  
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Figure 4.10. Hydrogen peroxide decomposition rate for (a) unmodified and (b) 
modified metallic Au (99.9%) electrodes upon repeated exposure to 1 M H2O2 
solution for 1 hour. The number of exposures is indicated besides each graph. 
 
 
Thus, unmodified metallic Au (99.9%) electrode showed a change in mass per unit 
area of 0.026 gcm-2 after a 1 h reaction in 1 M H2O2 whereas the same electrode after the 
modification showed only 0.023 gcm-2 for the first measurement. Subsequent exposures 
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resulted in changes of 0.015 and 0.018 gcm-2, respectively. This indicated that the 
modification did not enhance the catalytic behaviour of this type of Au electrodes 
towards H2O2 decomposition. This supports the earlier finding in which there was little 
difference in the cathodic currents upon reduction of H2O2 before and after modification. 
Similarly, unmodified Au SPEs exhibited changes of 0.006 gcm-2 after H2O2 reaction 
whereas the modified ones showed 0.008 and 0.007 gcm-2 after the first and second 
exposure to H2O2, respectively. 
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Figure 4.11. Hydrogen peroxide decomposition rate for (a) unmodified and (b) 
modified Au SPEs after exposure to 1 M H2O2 solution for 1 hour. The number of 
exposure is indicated besides each graph. 
 
 
Both types of electrode did not exhibit improved catalytic effect on H2O2 
decomposition after the modification or noticeable changes following repeated 
measurements. However, greater decomposition rates were obtained using the metallic 
Au (99.9%) electrodes compared to the Au SPEs, as was commented on before and 
which is shown in Fig. 4.12. This behaviour was already observed for the silver-based 
electrodes, where the rates of decomposition obtained for the metallic electrode were 
inherently greater than those obtained for the SPE or sterling (92.5%) Ag electrodes. In 
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that case, an approx. 20-fold greater rate of decomposition was obtained with the 
unmodified metallic 99.9% Ag electrode, reaching a total loss of 0.414 gcm-2, whereas 
only 0.026 gcm-2 was observed with the metallic Au electrode. These results were 
expected because Ag is a known catalyst of H2O2 decomposition whereas no similar 
behaviour has been reported for gold-based materials. 
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Figure 4.12. Hydrogen peroxide decomposition rate for (a) unmodified and (b) 
modified (square) Au (99.9%) metallic electrodes and (circle) Au SPEs upon 
exposure to 1 M H2O2 solution for 1 hour. These data correspond to the first 
repetition of each electrode. 
 
 
4.2.3. Platinum-based electrodes  
 
4.2.3.1. Electrochemical characterization  
 
Platinum screen printed electrodes (Pt SPEs) from two different sources were 
modified following the same procedure as that used for Ag and Au SPE pre-treatment. 
After the modification in 3.3·10-2 M DBSA/ 0.1 M KCl solution, amperometry was 
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performed and the cathodic currents obtained for 5·10-3 M H2O2 are shown in Table 4.2. 
Pt is the best known catalyst for H2O2 reduction, and this fact is supported by the 
cathodic current data obtained even with unmodified Pt SPEs. Comparing the values 
obtained for the different metallic substrates before any modification, Pt SPEs yielded 
up to three orders of magnitude greater responses to H2O2 reduction than Au SPEs and 
up to two orders of magnitude greater than Ag SPEs, as is shown in Table 4.1 and 4.2. 
Thus, the cathodic current densities of the unmodified Pt SPE (Dropsens) at 5·10-3 M 
H2O2 was 481.0·10-6 Acm-2, whereas the responses for Au AT and Ag SPEs were 0.7·10-
6
 and 3.1·10-6 Acm-2, respectively. 
 
Table 4.2. Cathodic current densities of Pt SPEs at 5·10-3 M H2O2, –0.1 V vs 
Ag/AgCl, before and after DBSA/KCl treatment. 
Electrode Area (cm2) junmod (x106)/ 
(Acm-2) 
jmod (x106)/      
(Acm-2) 
Pt SPE 
(Dropsens) 
0.126 481.0 956.3 
Pt SPE 
(Dupont) 
0.035 959.4 910.0 
 
 
However, after DBSA/KCl modification, Ag SPEs achieved reduction current 
densities of 273.6·10-6 Acm-2, which is in the same order of magnitude to that of Pt 
SPEs, being 956.3·10-6 Acm-2;  only a 3.5-fold difference. This showed the remarkable 
catalytic effect of DBSA/KCl modification on Ag SPEs compared to other metal-based 
electrodes. Thus, Pt showed little relative enhancement in H2O2 reduction after the 
surfactant-based pre-treatment, and gold-based electrodes only presented a moderate 
effect, as was shown earlier. Only silver-based electrodes, and particularly Ag SPEs, 
seemed to be highly improved by DBSA/KCl modification. Once again, it is worth 
noting the discrepancy between the two Pt inks, one where there was no enhancement 
and one where there was a two-fold enhancement after DBSA/KCl treatment. A possible 
explanation would be the use of different type of binders for the manufacture of the Pt 
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SPEs from the two different companies. This would reinforce the involvement of the ink 
binder in the catalytic process.  
 
4.2.3.2. H2O2 decomposition 
 
Despite the fact that Pt is a well known catalyst for H2O2 decomposition, Pt SPEs 
were modified with DBSA/KCl in order to analyze whether the catalytic effect observed 
with the silver-based electrodes was also exhibited by the Pt pastes. The electrodes were 
modified following the same procedure previously reported for Ag and Au SPEs and 
were subsequently immersed in 1 M H2O2 (2 ml) for 1 h. The results for the unmodified 
and modified substrates are presented in Fig. 4.13. Pt SPEs modified with the 
DBSA/KCl solution showed at least ten-fold greater rates of catalytic decomposition 
when they were exposed to 1 M H2O2 than those achieved for the unmodified substrates. 
Thus, changes in decomposition rate of 0.005 gcm-2 were registered by the unmodified 
electrodes whereas 0.046 gcm-2 were reported by the modified ones. Moreover, it 
seemed that the decomposition process was enhanced over time because the result 
obtained during the second measurement was significantly greater than that obtained 
during the first measurement, being 0.093 gcm-2 after 2 h in 1 M H2O2. This result, and 
the downward curvature of the decomposition rate curves suggests an accelerating 
decomposition upon exposure to the modification. This will be discussed further in the 
next section. 
Comparing the data obtained for different metal SPEs, both Ag and Pt showed an 
enhancement in the H2O2 decomposition process after being treated with DBSA/KCl 
solutions. The decomposition rates after 1 hour reaction time were approx. 8 and 10 
times higher than those obtained by the same unmodified Ag and Pt electrodes, 
respectively. However, Au SPEs did not show any enhancement from modification. 
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Figure 4.13. Hydrogen peroxide decomposition rates for (a) unmodified and (b) 
modified Pt SPEs upon repeated exposure to 1 M H2O2 solution for 1 hour. The 
number of exposures is indicated besides each graph. 
 
 
4.2.4. Kinetic study of H2O2 decomposition on unmodified and DBSA/KCl 
modified metallic surfaces 
 
As is well-known, a catalyst is a substance that participates in a chemical reaction by 
increasing the rate of that reaction. In order to compare the catalytic effect of the above-
mentioned metallic electrodes on H2O2 decomposition before and after the modification 
process, apparent rate constants of the decomposition reactions were calculated.  
The reaction rate is defined as the change in the advancement of the reaction with 
time, i.e. the change in the number of moles of a given species (reactant or product) with 
time: 
dt
id
v
R
i
][1
=                       (Equation 4.1) 
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where R is the intensive reaction rate, vi is related to the stoichiometric coefficient of 
species i and [i] is the molarity of species i. The rate of a reaction will generally depend 
on the temperature, pressure and concentrations of species involved in the reaction as 
well as the phase or phases in which the reaction occurs. The empirical relationship 
between reactant concentrations and the rate of a chemical reaction is known as a rate 
law, and it is written as:  
 
R = k [A]α [B]β…     (Equation 4.2) 
 
where [A] is the concentration of reactant A, [B] is the concentration of reactant B, and 
so forth. The constants α and β are the reaction orders with respect to A and B, 
respectively, and k is referred to as the rate constant for the reaction. The rate constant is 
independent of concentration, but dependent on pressure and temperature.9 
The apparent rate constant of H2O2 decomposition was determined by measuring the 
mass of O2 liberated as a function of time at room temperature. The mass data were 
rearranged to be expressed as the H2O2 concentration remaining in the vial versus time to 
study the kinetics of the reaction. There are many studies in the literature about H2O2 
decomposition and the effect of transitions metals as catalysts but still no definitive 
understanding of the true mechanism involved has been reported. It has been shown that 
catalytic decomposition of H2O2 by ferric ions in solution can be first or second order10, 
11
 with respect to the peroxide concentration whereas supported metal catalysts 
decompose H2O2 by first order kinetics.12-15 Assuming that H2O2 decomposition 
followed pseudo first-order kinetics in the present work: 
 
][][ 2222 OHkdt
OHd
app=−     (Equation 4.3) 
 
and thus, 
 
tk
OH
OH
app
t
−=
022
22
][
][ln      (Equation 4.4) 
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where kapp is the apparent first-order H2O2 decomposition rate constant, and [H2O2]t and 
[H2O2]0  are the concentrations of H2O2 in the solution at time t and time zero, 
respectively. The data from Ag SPEs before and after modification with DBSA/KCl are 
shown in Fig. 4.14.  
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Figure 4.14. Plot  -ln [H2O2]/[H2O2]0 versus time for (a) unmodified and (b) 
modified Ag SPEs after exposure to 1 M H2O2 solution for 1 hour.  
 
 
As was mentioned above, the data appears to be linear during the first ten minutes, 
after which it deviates from linearity. This observation could be as a result of the 
formation of a diffusion layer at the surface, which could become a limitation of the 
reaction, or as a result of bulk substrate limitation (mass transport) because the trapping 
of O2 as air bubbles and its dissolution in the water. As the measurements with the 
unmodified and modified Ag SPEs were performed in a vial containing 2 ml 1 M H2O2, 
the maximum mass of O2 which could be released was 0.034 g. After 1 hour reaction 
time, the difference of mass observed with the modified electrode was approx. 0.010, 
which meant that almost a third of the H2O2 in the solution had been decomposed. The 
rapid decomposition of H2O2 in the vicinity of the electrode surface could result in the 
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shape observed in the plots as H2O2 does not diffuse as fast towards the surface as it 
decomposes. Changes or losses of the surface catalytic activity over time could also lead 
to deviations from the linear behaviour. More precise and detailed determination of the 
heterogeneous rate constant would require treatment of the diffusion processes at the 
heterogeneous interface. For simplicity, however, further analysis was based on initial 
constants using the initial linear portion of the responses. Initial rates for Ag SPEs are 
shown in Fig. 4.15. 
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Figure 4.15. Kinetics of H2O2 decomposition on (a) unmodified and (b) modified Ag 
SPEs. 
 
 
The same study was carried out using 92.5% and 99.9% Ag as well as SPE and 
metallic Au electrodes and Pt SPE. The apparent rate constants obtained with each 
electrode are summarized in Table 4.3. The apparent initial H2O2 decomposition rate 
constants obtained for Ag SPEs after the modification with DBSA/KCl were ten times 
(for the first measurement, R1), four times (for the second, R2 and third repeats, R3) 
higher than those obtained for the same electrodes without any modification, 
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respectively. Thus, apparent rate constants of 1.52, 2.96 and 1.41 s-1 were obtained by 
the unmodified Ag SPEs after the first, second and third exposures to 1 M H2O2, 
respectively whereas 19.7, 8.12 and 4.11 s-1 were obtained by the modified electrodes 
under the same measurement conditions. The decrease in the catalytic responses 
observed for the modified electrodes as a function of the number of repeat exposures 
might be explained as a result of the progressive loss of the surface modification or 
surface inactivation (loss of catalytic activity) with time, even though, H2O2 
decomposition was up to four times faster than the same process carried out on the 
unmodified electrodes. 
 
Table 4.3. Apparent initial rate constants kapp for H2O2 decomposition on different 
metallic catalysts following multiple repeat exposures (R1 to R3). 
 
Ag Au Pt  
SPE 
(A=0.126cm2) 
92.5% 
(A=0.6cm2) 
99.9% 
(A=0.031cm2) 
SPE 
(A=0.1cm2) 
99.9% 
(A=0.031cm2) 
SPE 
(A=0.1cm2) 
R1 1.52 0.68 1.04 0.40 0.05 0.43 
R2 2.96 2.94 1.06 -- -- -- 
 
Unmod. 
kapp  
(x10-5 s-1) 
R3 1.41 5.66 -- -- -- -- 
R1 19.70 29.2 1.08 0.64 0.04 3.91 
R2 8.12 53.7 0.97 1.20/5.2 0.03 9.95 
 
DBSA/KCl 
kapp  
(x10-5 s-1) 
R3 4.11 57.8 -- -- 0.03 -- 
R1 – repeat 1; R2 – repeat 2; R3 – repeat 3 
 
 
More remarkable is the catalytic effect observed on the sterling (92.5%) Ag 
electrodes after the modification. The unmodified electrode showed some increase in 
decomposition rate following repeat exposure to substrate. Thus, this electrode exhibited 
an initial rate constant of 0.68 s-1 for the first measurement and 2.94 and 5.66 s-1 for the 
second and third exposures to 1 M H2O2, respectively. A similar growth trend was also 
observed for the modified electrodes, although in this case the apparent rate constants 
were thirty times higher than those obtained with the unmodified electrodes, being 29.2, 
53.7 and 57.8 s-1 respectively. Unlike the SPEs and the 92.5% Ag electrodes, no 
differences in the kinetic data were observed with 99.9% Ag electrodes before and after 
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the modification. Apparent rate constants of 1.04 and 1.06 s-1 were obtained from the 
unmodified electrodes after the first and second exposures to H2O2, respectively, 
whereas 1.08 and 0.97 s-1 were obtained for the modified electrodes. The apparent rate 
constant for the unmodified electrode was approx. the same order of magnitude as that 
obtained from the unmodified SPE and 92.5% Ag and this did not change after exposure 
to the DBSA/KCl solution. With regard to the gold-based electrodes, they did not show 
any enhancement on H2O2 decomposition after DBSA/KCl modification. Moreover, the 
apparent rate constants obtained using metallic 99.9% Au electrodes (0.05 s-1) were 
quite low relative to those exhibited by Ag electrodes. This agrees with the fact that 
silver is a known catalyst for H2O2 decomposition13 whereas no similar data have been 
reported for Au. On the other hand, Pt SPEs also showed a catalytic enhancement to 
H2O2 decomposition after their treatment with DBSA/KCl, leading to a ten-fold greater 
kapp on the modified surfaces relative to the same unmodified substrates. 
To more accurately compare the catalytic activity of the different metallic substrates, 
the apparent rate constants must be normalized to the surface area of the catalysts and 
the volume of the solution used. Therefore, the heterogeneous rate constant can be 
expressed as:  
 
ks (cm s-1) = Vliqkapp/Acat    (Equation 4.5) 
 
where Vliq is the volume of solution (in ml), and Acat the surface area of the catalyst 
(cm2).14, 16  
The heterogeneous rate constants of the studied metallic substrates are reported in 
Table 4.4. Unmodified metallic 99.9% Ag showed the highest heterogeneous rate 
constant for H2O2 decomposition and this did not change after its treatment with 
DBSA/KCl. Unlike metallic 99.9% Ag, SPE and sterling 92.5% Ag electrodes improved 
their H2O2 decomposition responses for the first repeat by over 10 and 40 times, 
respectively, following exposure to the modification solution. Similar enhancement was 
achieved with the Pt SPEs after being modified with DBSA/KCl. 
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Table 4.4. Heterogeneous rate constants ks for H2O2 decomposition on different 
metallic catalysts. 
 
Ag Au Pt   
SPE 
(A=0.126cm2) 
Vliq=2ml 
92.5% 
(A=0.6cm2) 
Vliq=2ml 
99.9% 
(A=0.031cm2) 
Vliq=27ml 
SPE 
(A=0.1cm2) 
Vliq=2ml 
Metallic 
(A=0.031cm2) 
Vliq=27ml 
SPE 
(A=0.1cm2) 
Vliq=2ml 
R1 2.4 0.2 90.0 0.8 4.3 0.9 
R2 4.7 1.0 92.0 -- -- -- 
 
Unmod. 
ks (x10-4  
cm·s-1) R3 
2.2 1.9  -- -- -- -- 
R1 31.0 9.7 94.0 1.3 3.9 7.8 
R2 13.0 18.0 84.0 2.4/1.0 2.2 20.0 
 
DBSA/KCl 
ks (x10-4  
cm·s-1) R3 
6.5 19.0 -- -- 2.7 -- 
R1 – repeat 1; R2 – repeat 2; R3 – repeat 3 
 
 
The heterogeneous rate constant values obtained with unmodified gold-based 
electrodes were close to those shown by the other metallic electrodes under study, 
except for metallic 99.9% Ag. However, no improvements were observed after the 
surfactant-based modification, as is shown by no change in the heterogeneous rate 
constants before and after the modification. The overall data from the unmodified 
electrodes were of the same order of magnitude than those previously reported.14  
 
4.2.5. Further insights in the decomposition process 
 
The decomposition of H2O2 in the presence of catalysts has been widely investigated 
and many mechanisms have been proposed. The first explanation for the decomposition 
of H2O2 was given by Haber and Weiss based on a radical mechanism.17 Since then, 
several mechanisms have been proposed for this reaction. Many of them are based on a 
cyclic electron-transfer process, which is initiated by either the transfer of an electron 
from a reduced site on the surface of the catalyst to the peroxide to yield an OH· radical 
or the transfer of an electron from the peroxide to an oxidized site on the surface of the 
catalyst, to produce an HO2· radical. The reactions might be:16 
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cat(red) + HO2(ads)– + H2O → 2OH– + OH· + cat (ox)    (reaction 4.1) 
 
and 
 
cat(ox) + HO2– → HO2· + cat(red)     (reaction 4.2) 
 
Thus, a more recent mechanism for the decomposition of H2O2 catalyzed by a 
Co(II)-silica-based catalyst and considering that both ions and free radicals may be 
involved simultaneously in the process was:11, 12  
 
H2O2 ⇄ O2H– + H+   (fast)      (reaction 4.3) 
cat-H2O + O2H– ⇄ cat-O2H– + H2O  (fast)    (reaction 4.4) 
cat- O2H– ↔ intermediate product (active species)   (slow) 
⇄ cat + 2OH– + O2  (fast)       (reaction 4.5) 
2OH– + 2H+ ⇄ 2H2O   (fast)      (reaction 4.6) 
Cat + H2O ⇄ cat-H2O   (fast)      (reaction 4.7) 
 
Silver has already been proven to be a catalyst for the decomposition of H2O2, as has 
been shown in this chapter and also reported in the literature.18-20 From Chapter 3, the 
DBSA/KCl modification of Ag SPEs led to an enhancement in the electrochemical 
reduction and decomposition of H2O2. The formation of lamellar structures in the 
surfactant/salt solution and its subsequent interaction to the electrode surface was 
assessed. A possible explanation proposed was that the modification structures created 
on the surface brought about the formation or stabilization of OHads or OH radical, 
generally implicated in the electrochemical reduction. This might also be an explanation 
for the decomposition process as OH radical is a typical intermediate of the reaction, as 
was reported above. Moreover, the electrodes seemed less affected as catalysts after the 
electrochemical reduction than after the decomposition. Besides the difference in H2O2 
concentrations employed, this might be related to the possible regeneration of Ag(0) 
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during the amperometric process due to the cathodic potential applied (–0.1 V vs. 
Ag/AgCl) whereas such a possibility would not exist for the decomposition process.  
In this chapter, several metallic-based electrodes were evaluated in order to further 
understand the nature of the modification process. With regard to the electrochemical 
reduction, all the SPEs except the Pt from Dupont showed an increase in the catalysis 
after the DBSA/KCl treatment. Pt and Au SPEs exhibited enhancements from 2 to 10 
times in their cathodic currents after modification, whereas Ag SPEs presented more 
than 90-fold higher reduction currents. This reinforces the possible implication of the ink 
binder in the formation of the catalytic surfaces. The differences in the modification 
between the SPEs might be attributed to differences in the nature of the binder. On 
metallic electrodes in the absence of a binder, the presence of defects on the surface 
might be associated with the formation of catalytic structures, as was observed on the Ag 
92.5% electrode surface. These electrodes showed a small improvement in the 
electroreduction process but the greatest increase in the decomposition process, with 
almost 50-fold higher heterogeneous rate constant for the first repeat after the 
modification. Unlike the SPEs, pure metallic electrodes (99.9% Au and Ag) did not 
show any enhancement in the decomposition after the modification. Once again this 
supports the involvement of the binder in the surfactant/salt modification.  
The fact that the 92.5% Ag electrodes showed such an enhancement in the 
decomposition might be related to the presence of defects and higher amounts of Ag 
available for the decomposition. Thus, the surfactant/salt modification might be related 
not only to the binder present in the printable inks but also with the presence of rougher 
surfaces or edge defects, which would favour the deposition/interaction of the lamellar 
structures with those surfaces. 
To sum up, electrodes that showed an increase in the catalytic activity of the 
electrochemical reduction of H2O2 also exhibited an increase in the decomposition 
process. Therefore, both mechanisms seemed to be connected. However, the level of 
enhancement is not proportional for both processes. Thus, modified Ag SPEs presented 
the highest increase in the electrochemical reduction (approx. 90 times) whereas the 
heterogeneous rate constant was only 13-fold higher for the decomposition. However, 
92.5% Ag did not show a significant improvement in the cathodic currents whereas it 
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exhibited the best enhancement in the decomposition. Further studies should be 
performed to fully understand the implication of the binder and the surface defects on 
the surface modification as well as the nature of the modification itself.  
With regard to future work, Ag SPEs were shown to be the best substrates for the 
fabrication of further devices based on the electrochemical reduction of H2O2, because 
they provide high cathodic currents without the interferences of the decomposition 
process. Unmodified Pt SPEs provided the highest currents for H2O2 reduction; 
however, modified Ag SPEs led to responses in the same order of magnitude and Ag is 
known to be a much lower cost material than Pt. Therefore, DBSA/KCl modified Ag 
SPEs will be used as platforms for the development of a glucose biosensor in the 
following chapters. 
 
 
4.3. CONCLUSIONS 
 
In the previous chapter, the surfactant/salt modification of Ag SPEs exhibited a 
remarkable enhancement on the electrochemical reduction of H2O2. A 3.3·10-2 M 
DBSA/0.1 M KCl solution was shown to provide the highest improvement on H2O2 
catalysis. The effect of such a surfactant/salt modification solution on other metallic 
electrodes and their catalytic activity towards the electrochemical H2O2 reduction has 
been studied in the present chapter. Little enhancement in the reduction currents were 
observed with other DBSA/KCl Ag-based electrodes (metallic Ag (99.9%), sterling Ag 
(92.5%)) and Pt-based electrodes, compared to the unmodified ones. On the contrary, 
some Au SPEs presented an increase in the catalytic responses after the modification, 
although it was not as notable as that observed at Ag SPEs. 
As with Ag SPEs, the modification also seemed to induce an enhancement on H2O2 
decomposition on several other metallic-based electrodes. The greater differences of 
mass due to the release of O2 during H2O2 decomposition after the electrodes were 
treated with DBSA/KCl showed the surfactant-based solution produced an improvement 
in the catalytic process. Such an enhancement was proven by the increase of the 
heterogeneous rate constants obtained after the kinetics study carried out on both 
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unmodified and modified electrodes. It showed that DBSA/KCl modification on the 
metallic surfaces provided an easier mechanism for H2O2 decomposition. On the other 
hand, Au and Pt substrates did not show so high catalytic effect on both electrochemical 
H2O2 reduction and H2O2 decomposition after DBSA/KCl modification as Ag 
electrodes.  
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5.1. INTRODUCTION 
 
Electrochemical biosensors are self-contained integrated devices, which are capable 
of providing specific quantitative or semi-quantitative analytical information using a 
biological recognition element (biochemical receptor) which is retained in direct spatial 
contact with an electrochemical transduction element.1 Although many different 
transducer types have been used in biosensor fabrication, such as optical, piezoelectric, 
thermal or electrochemical, the latter has been the most commercially successful 
because of its suitable sensitivity, reproducibility and mass production capability at low 
cost.2  
Glucose biosensors alone account for about 85% of the entire biosensor market, 
which has recently been estimated to be worth around $5 billion.2, 3 The reason for such 
a high percentage lies in their leading role in diabetes monitoring. Diabetes is a 
metabolic disorder as a result of insulin deficiency and hyperglycemia and is reflected 
by blood glucose concentrations higher or lower than the normal range (4.4-6.6·10-3 M).3 
It is estimated that over 170 million people suffer from diabetes worldwide and it is a 
leading cause of mortality.2 Therefore, the diagnosis and management of diabetes is vital 
and requires robust and consistent glycemic control. Since the fabrication of the first 
glucose enzyme electrode by Clark and Lyons in 1962,4 many research activities have 
been focused on the development of reliable devices for diabetes control. The most 
commonly used enzyme in the design of glucose biosensors is glucose oxidase (GOx), 
which contains redox groups that change redox state during the biochemical reaction. 
GOx is a homodimer flavoprotein containing two active sites per molecule. GOx acts by 
oxidising glucose to gluconolactone, accepting electrons in the process and thereby 
changing to an inactivated state. The enzyme is normally returned to the active oxidised 
state by transferring these electrons to molecular oxygen, resulting in the production of 
hydrogen peroxide (H2O2), as is shown in equation 1:2, 5  
  
 (1) 
 
 
 
Glucose  +  O2
GOx
Gluconic acid  +  H2O2
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Therefore, the construction of amperometric glucose biosensors can rely on 
monitoring either the depletion of oxygen or the production of H2O2. The first 
commercial device consisted on a thin layer of GOx entrapped over an oxygen electrode 
(via a semi-permeable dialysis membrane) to screen the oxygen consumed by the 
enzyme-catalyzed reaction.2, 6 However, direct measurements of oxygen were subject to 
errors due to fluctuations in the oxygen tension. Two oxygen working electrodes were 
required to correct the oxygen background variation in samples by measuring 
differential currents.6, 7 Further investigations led to the determination of blood glucose 
based on electrochemical monitoring of the liberated H2O2. This could be measured at a 
potential of approx. +0.7 V (vs Ag/AgCl), when a Pt working electrode was used.2, 8 
Wingard et al.9, 10 developed a potentiometric glucose biosensor by immobilizing GOx 
directly on a Pt electrode and using Ag/AgCl as a reference electrode. However, the 
amperometric measurement of H2O2 requires application of a potential at which species, 
such as ascorbic acid, uric acids or acetaminophen are also electroactive. Several 
membranes such as poly(phenylenediamine), polypyrrole, Nafion or cellulose acetate 
have been used to discriminate against coexisting electroactive compounds.6 More 
recently, mediators such as ferrocene derivatives, ferricyanide, conducting organic salts 
or quinine compounds have been successfully utilised for the fabrication of commercial 
glucose biosensors. They shuttle electrons from the redox center of the enzyme to the 
electrode surface, replacing the oxygen as the electron acceptor for the enzymatic 
reaction.2, 6, 11 Simultaneously, mediators decrease the applied electrode potential of the 
sensor, eliminating possible electroactive interferences such as ascorbic acid.8 Thus, 
Cass et al.12 reported the development of a ferrocene-mediated biosensor for the 
amperometric determination of glucose. Unlike previous reports, the mediator was 
incorporated into the graphite electrode together with the GOx, which facilitated the 
electron transfer between the enzyme and the ferricinium ion. More recently, Miao et 
al.13 developed a glucose biosensor by immobilising GOx and ferrocene as a mediator 
onto a carbon paste electrode by means of a double chitosan film. Ghica and Brett14 
reported the fabrication of an amperometric enzyme electrode sensitive to glucose, 
where the enzyme was cross-linked with glutaraldehyde and immobilized together with 
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the redox mediator, methyl viologen, with a Nafion film. The calibration curves for the 
sensor were performed at -0.5 V (vs. Ag/AgCl).  
Commercial blood glucose self-testing meters generally rely on the use of ferrocene 
or ferrricyanide as mediators. However, most in vivo devices are mediatorless due to 
potential leaching and toxicity of the mediator.6 Besides that, mediator systems are 
unsuitable for detection of low glucose concentrations because of high noise current  
(ferrocene primary oxidation).15 Other developments have focused on the 
electrocatalytic reduction of the liberated H2O2 which has allowed shifting the detection 
potential to the optimal region (0.0 to –0.2 V vs. Ag/AgCl) where most unwanted 
reactions are negligible.6 Karyakin et al.15 reported the fabrication of an amperometric 
glucose biosensor based on a PB-modified glassy carbon electrode. The glucose 
detection was carried out at 0.18 V (vs. Ag/AgCl). Zhu et al.16 developed a glucose 
biosensor by means of a PB nanoparticle and multiwall carbon nanotubes (PB/MWNTs) 
composite deposited on a glassy carbon electrode. GOx was then immobilized on the 
PB/MWNTs platform by an electrochemically polymerized o-phenylenediamine (OPD) 
film and the resulting biosensor was applied for glucose determination at 0 V (vs. 
Ag/AgCl). 
Several materials have been used as electrode substrates in the fabrication of glucose 
biosensors based on GOx, such as Pt,9, 17 glassy carbon (GC),16, 18 ITO-glass19 and 
carbon fibers.20 These materials have been previously modified with metal 
nanoparticles,17, 18, 21 multiwall carbon nanotubes,18 PB15, 22 and so on before enzyme 
immobilization to improve their catalytic activity towards glucose determination. For 
example, Salimi et al.23 reported the fabrication of a glucose biosensor by co-deposition 
of GOx and nickel-oxide (NiO) nanoparticles onto a glassy carbon electrode. The so-
fabricated biosensor showed excellent bioelectrocatalytic activity of immobilized 
enzyme towards glucose oxidation when ferrocenmethanol was used as an artificial 
redox mediator. Yin et al.24 developed a glucose biosensor based on layer-by-layer 
(LBL) self-assembling of chitosan and GOx on a PB-modified gold electrode. Glucose 
determination was then performed by amperometry at approx. –0.05 V (vs. Ag/AgCl). 
Luque et al.25 fabricated a glucose biosensor based on a carbon nanotube paste electrode 
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modified with GOx and metallic particles such as cupper and iridium. The working 
potential of the so-formed biosensor was –0.1 V (vs. Ag/AgCl).   
The need for inexpensive and reproducible methods for the mass manufacture of 
blood glucose devices for home testing has led to the widespread use of a single 
technique, namely screen printing.2, 26-28 Screen printing has made low cost, large scale 
biosensor production possible, thanks to the precision, speed and scalability of the 
method.19 The majority of personal blood glucose monitors rely on disposable screen 
printed enzyme electrode test strips. The screen printing technology involves printing 
patterns of conductors, insulators and active biological and non-biological reagents onto 
the surface of planar solid (plastic or ceramic) substrates based on pressing the 
corresponding inks through a patterned mask.3 Vaughan et al.29 determined 
acetaminophen (paracetamol) in whole blood by means of a disposable, single use, 
screen-printed dry-strip. The working electrode was printed as an aqueous carbon-based 
paste incorporating aryl acylamidase, enzyme responsible of the hydrolysis of 
acetaminophen to form 4-aminophenol. The latter was amperometrically detected by 
oxidation at the working electrode. Wang and Zhang30 developed a disposable glucose 
biosensor based on the dispersion of cupric-hexacyanoferrate and GOx within a screen-
printable carbon ink. The use of cupric-hexacyanoferrate as a catalyst permited H2O2 
detection at applied potential around –0.1 V (vs. Ag/AgCl) as well as a stable response 
at physiological pH (7.4). The dispersion of both the enzyme and the catalyst within the 
ink resulted in a one-step fabrication, simplifying greatly the sensor fabrication. More 
recently, Gonzalo-Ruiz et al.31 employed a carbon screen printed electrode as a platform 
for the fabrication of an amperometric biosensor for glucose determination in grape 
juice. GOx and horseradish peroxidise (HRP) were coimmobilized onto the electrode by 
cross-linking with glutaraldehyde (GA). Amperometry at –0.1 V (vs Ag/AgCl) was 
carried out in the presence of ferrocyanide as a mediator in the enzymatic reaction of 
HRP and H2O2. Kotzian et al.32 developed a glucose biosensor using a modified carbon 
screen printed electrode as a substrate. The carbon ink was initially mixed with RhO2 
and then screen printed onto ceramic supports. After drying, GOx solution was pre-
mixed with Nafion and directly applied onto the electrodes for enzyme immobilization. 
The biosensor worked at applied potential of –0.2 V (vs Ag/AgCl), where contributions 
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from other interfering species was neglected and was investigated as a glucose detector 
in flow injection analysis. It should also be noted that the development of glucose 
biosensors using GOx are an excellent surrogate to establish operational proof of 
concept that can be applicable to a wide range of other oxidase-based biosensor systems.  
The most critical point in fabricating a biosensor is to achieve a working 
architecture, i.e. a favourable immobilization of the enzyme on the device which allows 
good communication between enzyme and electrode. The four main approaches to 
enzyme immobilization are: (a) adsorption; (b) gel entrapment; (c) covalent coupling 
and (d) cross-linking.8, 33 It is worth noting that some systems did not truly immobilise 
the enzyme as it becomes free when solvated with the blood sample. The choice of the 
specific method partly defines the operational characteristics of the biosensor. 
Adsorption is a very simple process and rarely leads to loss of enzyme activity but 
changes of pH, ionic strength and temperature may detach the enzyme. Cross-linking is 
also a simple procedure that provides a strong chemical binding of the enzyme. 
However, enzymatic activity may be diminished by chemical alterations of the 
catalytically active sites of the protein.8 In covalent bonding, the mass and activity of the 
immobilized enzyme can be quite carefully controlled by strong chemical bonds, leading 
to highly stable devices. Nevertheless, that technique may bring about a decrease in the 
overall activity of the biomolecule due to blockage of active sites by chemical bonds or 
misorientation of the enzyme. Entrapment in a polymeric film allows the biomolecules 
to keep as close to their native state as possible since they do not undergo covalent 
attachements.34 The type of immobilization process will have a key impact on many 
characteristics of the biosensor, such as sensitivity, selectivity, stability, analytical range 
and response time, i.e. the feasibility of the device. 
In the present work, a mediatorless glucose biosensor was created based on the novel 
electrocatalytic materials developed in Chapters 3 and 4. This was fabricated by the 
immobilization of GOx onto the DBSA/KCl modified silver screen printed electrodes 
(Ag SPEs). Possible interferences of the enzyme/glucose interaction in the catalytic 
activity of the sensor to H2O2 reduction were identified and several membranes were 
assessed to overcome these drawbacks. Other immobilization parameters were 
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optimized and LOD, sensitivity and reproducibility of the biosensor were evaluated. 
Scanning Electron Microscopy was performed to characterize the electrode surface. 
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5.2. RESULTS AND DISCUSSION 
 
As was mentioned earlier, most of the enzymatic glucose biosensors in the literature 
are fabricated by immobilizing the enzyme GOx onto the electrode surface by means of 
several techniques. GOx catalyses the oxidation of β–D-glucose to gluconic acid, with 
the simultaneous reduction of oxygen to H2O2.  Therefore, good catalysts for H2O2 
detection are generally used as platforms in the production of glucose biosensors which 
exploit H2O2 as the detected species. The catalytic enhancement of DBSA/KCl modified 
Ag SPEs to H2O2 sensing led to a feasibility study of such a material for biosensor 
fabrication. An analysis of the compatibility of the electrode material with the glucose 
biosensing mechanism was thus required before enzyme immobilization.  
 
5.2.1. Preliminary solution-phase assay evaluation 
 
The DBSA/KCl modified Ag SPEs were initially evaluated as a glucose biosensor 
by performing glucose determination using the enzyme in solution. Time-based 
amperometry was performed at –0.1 V (vs Ag/AgCl) in PBS pH 6.8, in the presence or 
absence of GOx in solution. Initially, the electrode was measured in buffer in the 
absence of enzyme.  In order to first evaluate the electrode’s catalytic activity towards 
H2O2 reduction, the final H2O2 concentration in the solution ranged from 1·10-3 to 5·10-3 
M. Subsequently, the electrode was placed in a cell with 2 ml of a stirred solution 
containing 1 mg/ml GOx to which glucose was added to final concentrations from 0 to 
5·10-3 M. Finally, the catalytic activity of the electrode to H2O2 reduction was again 
measured in the absence of enzyme and compared to the initial results (Fig. 5.1). As can 
be seen, the modified electrode before glucose sensing showed cathodic currents of 
approx. 3.5·10-5 A in the presence of 5·10-3 M H2O2 whereas the current obtained after 
glucose sensing only reached approx. 1.9·10-5 A. Such current is similar to that exhibited 
by the same electrode for 5·10-3 M glucose in the presence of GOx in solution, 1.6·10-5 
A. That was expected as the stoichiometry of the reaction is 1:1 for glucose: H2O2.  
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Figure 5.1. Amperometric responses of a DBSA/KCl modified Ag SPE measured at 
–0.1 V (vs Ag/AgCl) in PBS pH 6.8: (a) before, and (b) after glucose sensing, at 
H2O2 concentrations from 1 to 5·10-3 M; and (c) glucose sensing with 1 mg/ml GOx 
in solution, at glucose concentration from 1 to 5·10-3 M. 
 
 
Thus, the catalytic activity of the electrode was significantly reduced following 
glucose determination, resulting in a halving of the catalytic response to H2O2. 
Moreover, the steady state background current exhibited by the modified electrode prior 
to glucose sensing (approx. 1.13·10-6 A) was also higher than that shown by the same 
electrode after the enzymatic reaction (approx. 6.9·10-7 A). As was already observed in 
Chapter 3, the background current from the amperometric responses appeared to be 
related to the modification of the Ag SPEs by DBSA/KCl. Thus, a decrease in the steady 
state background might be related to some change or loss in the DBSA/KCl modification 
from the electrode surface after glucose determination. 
In order to prove whether the decrease in the cathodic current was due to the 
presence of the enzyme in the solution or to the glucose sensing process itself, the 
catalytic activity to H2O2 reduction was assessed in the presence and absence of the 
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enzyme in the bulk solution. The corresponding amperometric responses are shown in 
Fig. 5.2.  
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Figure 5.2. Amperometry of a DBSA/KCl modified Ag SPEs measured at –0.1 V (vs 
Ag/AgCl) in PBS pH 6.8: (a) prior to exposure to enzyme; (b) in the presence of 1 
mg/ml GOx and (c) following exposure to enzyme at H2O2 concentrations from 1 to 
5·10-3 M. 
 
 
As can be observed, the presence of GOx in solution did not seem to affect the 
catalytic activity of the modified electrode towards H2O2 reduction. Thus, the cathodic 
currents provided by the electrode in the presence of 5·10-3 M H2O2 were 2.6·10-5 A, 
2.9·10-5 A and 2.7·10-5 A in the absence of enzyme, in the presence of 1 mg/ml GOx and 
in the absence of enzyme again, respectively. Also, the background currents from the 
amperometric responses (1.0·10-6 A, 9.5·10-7 A and 8.6·10-7 A, respectively) were 
comparable. These results suggested that the DBSA/KCl modification remained 
unaffected after the exposure of the electrode to a solution of GOx. Further experiments 
such as H2O2 sensing in the presence of glucose alone or in the presence of 
gluconolactone and gluconic acid were also performed and again, no effect on the 
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amperometric responses were observed.  Therefore, it appeared that it was the enzymatic 
mechanism for glucose determination itself that was responsible for the decrease in the 
catalytic activity to H2O2 reduction observed in Fig. 5.1.  
Having established that catalysis was lost only when GOx and glucose were present 
and interacted at the modified electrode surface simultaneously, with the assumption that 
they somehow impaired the catalysis via some surface phenomenon, a strategy was 
chosen that would maintain the separation of these two components from the surface. 
One such design approach could be the immobilization of the enzyme on the electrode 
surface. However, such metallic electrode surfaces are generally incompatible materials 
where proteins undergo denaturation upon immobilization and consequently lose their 
activities.23 It is known that several heavy metal ions, such as Ag+, Hg2+ and Cu2+ 
exhibit a marked inhibition on the activity of enzymes.17, 35 Therefore, employment of a 
membrane was investigated as a means to stabilise and control enzyme concentration, 
keep it close to the electrode surface, while also prevent it from coming in contact with 
the catalytic layer. However, its effect on the electrode system also had to be 
determined, particularly the issue of diffusion of electroactive substances (i.e., H2O2) to 
the electrode surface and loss of catalytic effect. 
Several types of membrane have been used in the literature for the fabrication of 
glucose biosensors, e.g. cellulose acetate (CA).36-38 Barsan and Brett37 developed a 
glucose biosensor based on a carbon/ CA composite with a poly(neutral red) (PNR) 
phenazime layer polymerized on top. The latter was used as an electron acceptor to 
transfer electrons from the redox active centre of GOx to the electrode surface. The 
enzyme was then immobilized by cross-linking with glutaraldehyde (GA), providing 
glucose biosensors with high reproducibility and sensitivities of 3.15·10-2 AM-1cm-2. 
Chitosan is also an interesting natural material than can be used for biosensor 
fabrication. Due to its advantageous properties as a biopolymer, e.g. low cost, 
biocompatibility for biomolecular entrapment, chemical inertness and low toxicity, 
numerous applications using chitosan to immobilize enzymes have been reported.13, 39, 40 
For example, Miao et al.13 described a glucose biosensor fabricated by means of GOx 
and mediator immobilization in the following “sandwich” configuration: chitosan-
ferrocene/GOx/chitosan. High enzyme loadings were enabled due to the cross-linking 
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reaction between the amino group of chitosan and aldehyde group of glutaraldehyde. A 
carbon paste electrode was used as a platform to prepare the biosensor, which exhibited 
a high stability and sensitivity of 1.8·10-3 AM-1. Nafion films have also been used for the 
production of biosensors.22 They have been extensively used as protective coating 
materials and as supports for enzyme immobilization due to their high stability, good 
ionic conductivity and biocompatibility. Norouzi et al.41 reported the fabrication of an 
electrochemical glucose biosensor, where GOx was immobilized on to a glassy carbon 
electrode by means of a Nafion matrix. Prior to GOx deposition, a glassy carbon surface 
was modified with gold nanoparticles and multiwall carbon nanotubes to improve the 
biosensor response. A LOD as low as 3·10-8 M was obtained using Fast Fourier 
transformation continuous cyclic voltammetry (FFTCCV), where ferrocene methanol 
was used as an electron-transfer mediator. 
In this work the three membrane materials (CA, Nafion and chitosan) were evaluated 
taking into account the residual catalytic response to H2O2 of the DBSA/KCl modified 
electrodes after their deposition. Preliminary work showed that all of them led to good 
retention of catalytic activity after their immobilization. Thus, the electrode modified 
with chitosan displayed a cathodic current in the presence of 5·10-3 M H2O2 of 2.5·10-5 A 
which equates to retention of 75% of the initial activity (3.3·10-5 A). For the Nafion 
membrane, the remaining catalytic activity to H2O2 of the electrode after its 
immobilization was 81 % whereas for CA it was 93%. Therefore, CA seemed to result in 
the highest residual activity following membrane deposition. Besides that, several 
preliminary GOx immobilization protocols were evaluated on the three types of 
membrane, resulting in a positive response only with the CA modified electrode. 
Therefore, CA was chosen as the membrane for more detailed evaluation in the 
fabrication of a glucose biosensor. The CA-modified DBSA/KCl modified Ag SPEs 
were initially assessed with enzyme in the solution. As stated above, the cathodic 
response of the CA-modified electrode in the presence of 5·10-3 M H2O2 was 3.9·10-5 A, 
which was equivalent to 93% of the current response of DBSA/KCl modified Ag SPE 
alone, or 4.2·10-5 A. The electrode was subsequently tested in 1 mg/ml GOx solution in 
PBS pH 5, showing a reduction response at -0.1 V (vs. Ag/AgCl) of 1.5·10-5 A in the 
presence of 5·10-3 M glucose. The catalytic activity of the electrode to H2O2 after 
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glucose sensing was checked and a cathodic current of 3.1·10-5 A was observed in the 
presence of 5·10-3 M H2O2, i.e. 79% activity remaining after the enzymatic reaction 
which appeared to demonstrate retention of the catalytic properties of the electrode. 
Thus, deposition of a membrane layer and subsequent introduction of enzyme and 
substrate did not lead to the eradication of catalytic activity which further enforces the 
observation that this loss of activity was the result of both enzyme and glucose coming 
into contact with the modified electrode layer. 
Subsequently, several parameters such as CA and GOx concentrations, immersion 
time in cellulose acetate solution during the formation of the membrane and other 
aspects of the immobilization protocols were optimized to achieve a reproducible 
glucose biosensor device. 
 
5.2.2. Optimisation of GOx immobilization onto DBSA/KCl modified Ag SPEs 
 
The feasibility of the DBSA/KCl modified Ag SPEs following CA deposition to be 
used for glucose determination with the enzyme in solution was previously verified by 
amperometry as shown above. Subsequently, optimisation of the immobilization of GOx 
at the electrode was investigated. Among the available methods for enzyme 
immobilization that were mentioned before, covalent coupling to the surface generally 
provides the best activity stability and avoids enzyme leaching from the sensor surface.42 
However, two main difficulties may be encountered: low levels of activated surface 
groups on the support and denaturation of enzyme if covalent bonding is performed 
through functional groups essential to the enzyme catalytic activity. Unlike other 
membranes such as collagen films, CA membranes of different thickness may be easily 
prepared and exhibit significant permselectivity towards anions, which has made them 
amenable as supports for in vivo implantable glucose sensors.43 Besides that, GOx 
contains multiple tertiary NH2 groups, which can be used to covalently anchor the 
enzyme to CA membranes after successive copolymerisation processes.36-38 Some 
immobilization processes found in the literature involve covalent coupling of bovine 
serum albumin (BSA)44 to a CA membrane and a subsequent reaction of the membrane 
with GOx, which had previously been activated with an excess of p-benzoquinone in 
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some cases.43 Good sensitivity and LOD were obtained with these biosensors, although 
the use of another protein might hinder analyte diffusion to the electrode surface and 
make the resulting device more expensive. More recently, Portaccio et al.36 reported the 
covalent attachment of GOx onto a CA film by means of hexamethylenediamine 
(HMDA) and glutaraldehyde (GA) as spacer and coupling agent, respectively. The 
immobilization procedure was quite straightforward and the resulting biosensors 
displayed analogous results to those obtained by a commercial glucometer when both 
real sample and in vivo measurements were performed. Therefore, the latter protocol 
was adopted and optimised for GOx immobilization on DBSA/KCl modified Ag SPEs 
in the present work. 
 
5.2.2.1. Preparation of GOx biosensor by covalent enzyme immobilization 
 
Unlike the buffer used in the earlier amperometric measurements, all enzyme 
solutions used in this work were prepared in 0.1 M phosphate buffer, pH 5. Such a pH 
was chosen rather than pH 6.8 because GOx has been reported to work more efficiently 
in slightly acidic solutions.45, 46 However, acidic media lower than pH 4 led to GOx 
denaturation. 
A cellulose acetate layer was deposited onto the DBSA/KCl modified Ag SPEs by 
immersing the electrodes in a cellulose acetate solution (0.02% w/v cellulose acetate in 
acetic acid) for 3 s.36 The electrodes were then immersed in cold water for 10 min to 
accelerate the polymer solidification phase and rinse the surface of any remaining 
unbound polymer. The so-formed cellulose membrane was activated by immersing the 
electrodes in a 5% (w/v) hexamethylenediamine (HMDA) aqueous solution for 20 min. 
After rinsing the surfaces with distilled water, the electrodes were placed in a 2.5% (v/v) 
glutaraldehyde (GA) aqueous solution for 20 min. After further washing with distilled 
water, GOx was immobilized by keeping the electrodes at 3ºC overnight in a 25 mg/ml 
GOx solution in PBS pH 5. DBSA/KCl modified Ag SPEs with a cellulose acetate 
membrane will be referred to as Ag/ DBSA/KCl/ CA. Those electrodes with GOx 
immobilized on the surface will be referred to as Ag/ DBSA/KCl/ CA/ GOx. 
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A scheme of the entire membrane fabrication and enzyme immobilization process is 
shown in Fig. 5.3. 
 
 
 
 
 
Figure 5.3. Scheme of the process of membrane fabrication and covalent 
immobilisation of glucose oxidase to the cellulose acetate membrane.36 
 
 
Once the enzyme was immobilized onto the electrode, its glucose biosensing activity 
was tested using amperometry. The electrode was placed in a cell containing 2.5 ml 
PBS, pH 6.8 and amperometry was performed at –0.1 V (vs Ag/AgCl). Glucose 
concentrations in the solution were from 1·10-3 to 5·10-3 M. Then, H2O2 was added to the 
solution to a final concentration of 1·10-3 M as before, to assess the residual catalysis. 
Fig. 5.4 shows the amperometric responses for the sensing of glucose using Ag/ 
DBSA/KCl/ CA/ GOx. As can be observed, although the biosensor showed a response 
towards glucose, this was significantly lower than that obtained for H2O2 reduction.  
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Figure 5.4. Amperometric responses of a Ag/ DBSA/KCl/ CA/ GOx electrode 
measured at –0.1 V (vs Ag/AgCl) in PBS pH 6.8, at glucose concentration from 1 to 
5·10-3 M. At t = 1000s, H2O2 (1·10-3 M) was added to the solution. 
 
 
Thus, the cathodic current from the amperometric curve in the presence of 1·10-3 M 
H2O2 was approx. 3.21·10-6 A, after subtracting the background current, whereas the 
current obtained in the presence of 1·10-3 M glucose reached only approx. 1.0·10-7 A. 
This difference of more than one order of magnitude might be as a result of either a low 
amount of enzyme immobilized on the CA membrane or a partial loss of activity from 
the deposited enzyme. As is well known, the immobilization process reduces enzyme 
activity to a large extent. The enzyme molecules are suspended unprotected in the 
polymer layer at the electrode surface, leading to a limitation of the conformational 
freedom of the molecules and a partial deformation/deactivation.8, 47 Such enzyme 
inactivation might be attributed to conformational changes induced by the number and 
types of enzyme-support interactions.48 Cross-linkers such as GA are also well-known to 
highly cross-link the enzyme, reducing its activity. Immobilization also brings about 
diffusion-related restrictions associated with the immobilized enzyme and a decrease in 
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enzyme mobility can also affect the mobility of substrates and cofactor.49 Also, glucose 
diffusion to the enzyme active site might become difficult, which would also decrease 
the electrochemical response. Notwithstanding these deficiencies, however, the system 
was responding to glucose additions and so was a feasible platform for glucose 
detection. Further methodological optimisation was performed to improve the response 
characteristics of the biosensor. 
 
5.2.2.2. Optimization of the membrane deposition and GOx immobilization 
process 
 
The initial inter-electrode variability observed for the biosensors might be attributed 
to a number of parameters such as the variability in the catalytic response of the 
underlying DBSA/KCl modified electrodes and all the steps involved in the membrane 
deposition and enzyme immobilization processes. This section focuses on the 
optimization of the latter, starting with the CA membrane deposition method. CA 
concentration and modification time as well as the solvent for the solution are assessed. 
Later, parameters involved in the GOx immobilization method, such as modification 
time in HMDA and GA solution are optimized. 
 
5.2.2.2.1. Optimization of CA concentration for membrane deposition  
 
The main purpose of this work was to create a high-quality CA layer which would 
enable the immobilization of an optimal concentration of enzyme to achieve maximum 
activity while not reducing glucose/ H2O2 diffusion to inhibitory levels. Some 
DBSA/KCl modified Ag SPEs were immersed in CA solutions of several concentrations 
(0.02 to 20% w/v) in acetic acid for 3 s. The electrodes were then immersed in cold 
water for 10 min and rinsed again before measuring. Thicker CA membranes might 
show decreases in the response to H2O2 due to diffusion limitation. Plot of the cathodic 
currents at 5·10-3 M H2O2 vs log[CA] used for CA membrane deposition are shown in 
Fig. 5.5. Amperometric responses of DBSA/KCl modified electrodes with and without 
CA membranes of different concentration solutions are shown in the inset of Fig. 5.5.  
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Figure 5.5. Plot of catalytic currents at 5·10-3 M H2O2 vs log[CA]. Data at log[CA] = 
-3 corresponding to the cathodic current of the electrode without CA membrane. 
Inset: Amperometric responses of the reduction of 1 to 5·10-3 M H2O2 at DBSA/KCl 
modified Ag SPEs measured at –0.1 V (vs Ag/AgCl) in PBS pH 6.8: CA 
concentrations of (a) 0; (b) 0.2; (c) 0.02; (d) 2 and (e) 20% (w/v). 
 
 
Electrodes modified with CA membranes generated from 0.02% (w/v) and 0.2% 
(w/v) CA solutions seemed to maintain full catalytic activity towards H2O2 reduction, 
although the quality of signal produced was poor compared to that in the absence of 
membrane. Thus, the cathodic currents obtained in the presence of 5·10-3 M H2O2 were 
2.9·10-5 A and 3.1·10-5 A for 0.02% (w/v) and 0.2% (w/v) CA concentrations, 
respectively, whereas the reduction current for a DBSA/KCl modified electrode before 
CA deposition was 3.0·10-5 A. The DBSA/KCl modified electrode treated with a 2% 
(w/v) CA solution provided a similar cathodic current of 2.8·10-5 A. However, the 
quality of the amperometric responses was increasingly noisy at these higher CA 
concentrations, which might be a result of a thicker layer that may have formed on the 
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electrode surface. At 20% (w/v) CA the current response was significantly reduced to 
approx. 4.2·10-7 A. This electrode also showed a significant increase in response time. 
Both effects were assumed to relate to the formation of a thick, dense polymer film on 
the electrode which decreased the H2O2 diffusion rate from the solution to the electrode 
surface. These data suggested that films prepared from CA concentrations of the order of 
1 or 2% (w/v) would not significantly impact diffusion of substrate to the electrode 
surface, although electrodes modified with 2% (w/v) showed noisy amperometric 
responses. Generally, CA concentrations around 1-2% (w/v) have been used in the 
literature for the deposition of CA membranes for the fabrication of glucose 
biosensors.38, 50, 51 Initially, the standard protocol adopted here for enzyme attachment 
employed 20% (w/v) CA solution for membrane formation.36 However, it was shown 
above that such a high concentration was not optimal in the present system as it hindered 
substrate diffusion and brought about a significant increase in response time.  
Therefore, 1% (w/v) CA in acetic acid was selected as the optimum concentration for the 
deposition of a CA membrane as it maintained high catalytic activity on H2O2 reduction 
and provided a suitable platform for GOx immobilization. 
 
5.2.2.2.2. Optimization of the formation time for CA membrane formation 
 
Another parameter of the CA deposition process which needed to be optimized and 
studied was the formation time, i.e. the time DBSA/KCl modified Ag SPEs were 
immersed in the CA solution before GOx immobilization procedure. Several DBSA/KCl 
modified electrodes were immersed into 1% (w/v) CA solutions for different periods of 
time, from 5 to 20 s. The electrodes were washed thoroughly with distilled water as 
before. The viability of the CA membranes was evaluated by time-based amperometry 
of the glucose biosensors fabricated from them. The sensitivity for glucose 
determination as well as the remaining activity towards H2O2 reduction after enzyme 
immobilization for the four electrodes is shown in Table 5.1.  
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Table 5.1. Effect of membrane formation time on H2O2 response in 1% (w/v) 
CA solution. 
Modification 
time/s 
Before 
GOx 
i1a/x10-6 A 
After 
GOx 
i2b/ x10-6 A 
%Ratio 
i1/i2 
i1mM glucose 
/ x10-9 A 
Sensitivity/ 
AM-1cm-2 
5 3.49 2.93 84 9.0 1.3·10-4  
10 4.02 1.71 43 8.3 1.7·10-4 
15 4.29 1.66 39 11.0 1.2·10-4 
20 4.61 1.81 39 6.3 8.7·10-5  
a
 cathodic current in the presence of 1·10-3 M H2O2 before GOx immobilization 
b
 cathodic current in the presence of 1·10-3 M H2O2 after GOx immobilization  
 
 
As can be observed, the catalytic activity towards H2O2 reduction after GOx 
immobilization decreased remarkably as the immersion time in CA solution increased. 
Moreover, the sensitivity of the glucose biosensor displayed a similar tendency with the 
immersion time. 10 s seemed to be the optimum immersion time, providing biosensors 
with the highest sensitivity towards glucose determination. These results suggested that 
longer exposures to CA solutions resulted in the formation of thicker, denser layers, 
hindering both H2O2 and glucose catalytic processes. It might also relate the immersion 
time to a negative effect from glacial acetic acid used as a solvent for the CA solutions 
onto DBSA/KCl modification. It is worth remarking here that the 10 s modification time 
followed by washing might result in significant fabrication process variability. The 
obvious alternative then would be to reduce concentration and increase time. However, 
longer exposure to solvent (glacial acetic acid) was found to be damaging to the surface 
modification, so exposure times were kept short. Further studies about such solvent 
effects will be performed and commented upon later in this section. 
A major requirement for good sensor device performance is inter-electrode 
reproducibility.52, 53 Reproducibility studies were carried at this point, which 
demonstrated significant inter-electrode variability when prepared under the conditions 
described above (1% w/v CA for 10 s, 25 mg/ml GOx in PBS, pH 5 overnight). In order 
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to improve the reproducibility of the GOx immobilization procedure, nine electrodes 
were processed simultaneously prior to immersion in the enzyme solution. The 
electrodes were first modified with DBSA/KCl at the same time and then immersed in 
1% (w/v) CA solution for 10 s and subsequently in cold water for 10 min in order to 
accelerate the CA solidification phase. Further modifications were then performed 
following the established protocol for GOx immobilization. The response of the 
biosensors to glucose determination was subsequently evaluated at –0.1 V (vs Ag/AgCl). 
Ag/ DBSA/KCl/ CA/ GOx electrodes were placed in a cell containing 2.5 ml PBS pH 
6.8 and aliquots of 0.2 M glucose were successively added to the solution so glucose 
concentrations in the bulk increased from 1·10-3 to 6·10-3 M. After that, 1 M H2O2 was 
added to the solution to a final concentration of 1·10-3 M as a performance check. The 
responses of the electrodes to glucose are shown in Fig. 5.6 and Table 5.2. Current data 
corresponding to 1·10-3 M glucose were not considered for the regression line. 
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Figure 5.6. Measurement of glucose using the  Ag/ DBSA/KCl/ CA/ GOx electrodes 
(n=9) at –0.1 V (vs Ag/AgCl) in PBS pH 6.8. CA membrane deposited after 10 s 
immersion in 1% (w/v) CA solution in glacial acetic acid. (slope = 8.4·10-9 AmM-1; 
sensitivity = 6.7·10-5 AM-1cm-2). 
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From the data in Fig. 5.6 and Table 5.2, it is evident that the inter-electrode 
variability was significant for all glucose concentrations tested, varying from 35% at 
6·10-3 M to 53% at 1·10-3 M. One possible explanation could be that electrodes did not 
reach the steady state background current before glucose was added to the solution. That 
would lead to signal-to-noise responses lower than three for the first glucose additions, 
which justify that at the beginning of the glucose sensing process (1·10-3 M glucose in 
solution) the inter-electrode reproducibility was lower than that observed at the last stage 
of the amperometric curves (6·10-3 M glucose in solution). 
 
Table 5.2. Average and standard deviation for Ag/ DBSA/KCl/ CA/ GOx (n=9). 
 
[Glucose] / 
10-3 M 
icat (average) /  
A 
Standard deviation / 
A 
% error 
1 4.7·10-9 2.5·10-9 53 
2 1.10·10-8 5.1·10-9 46 
3 1.82·10-8 7.6·10-9 42 
4 2.63·10-8 1.13·10-8 43 
5 3.44·10-8 1.43·10-8 42 
6 4.49·10-8 1.57·10-8 35 
 
 
Delaying the first glucose addition during amperometry might improve the signal-to-
noise and reproducibility at low glucose concentrations. However, that would imply 
addition times longer than 900 s, which is unacceptable from a commercial point of 
view. Other electrochemical methods such as potential stepping or chronocoulometry 
might resolve some of these issues. Besides that, the variability observed by the 
biosensors even at high glucose concentrations in solution was excessive compare to that 
expected for this type of devices. For instance, Miao et al.13 developed a glucose 
biosensor that provided an inter-reproducibility of 6.5% (r.s.d.) in the presence of 
3.92·10-3 M glucose (n=6). Basically, the biosensor showed the following “sandwich” 
structure: chitosan-ferrocene/GOx/cross-linked chitosan using a carbon paste electrode 
as the basic electrode. To avoid loss of immobilized GOx, the biosensor surface was 
cross-linked with glutaraldehyde. The repeatability of response of a single glucose 
enzyme biosensor was also investigated at 3.92·10-3 M glucose, leading to an intra-
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reproducibility value of 4.2% (n=9). Zuo et al.54 reported the fabrication of a disposable 
glucose biosensor by immobilizing GOx into silver nanoparticles-doped silica sol-gel 
and polyvinyl alcohol hybrid film on a Prussian blue-modified screen-printed electrode. 
The presence of silver nanoparticles led to a remarkable improvement of the film 
conductivity and a subsequent enhancement of the biosensor sensitivity. The inter-
electrode reproducibility studied was carried out in the presence of 5·10-2 M glucose, 
providing a relative standard deviation of 7.6% (n=12), whereas the intra-reproducibility 
was 6.3%. Hence, further optimization studies of the GOx immobilization procedure 
were performed to improve the biosensor reproducibility in the present work. 
 
5.2.2.2.3. Optimization of the solvent for CA membrane dissolution 
 
Due to the high inter-electrode variability observed between biosensors, the effect of 
the solvent used to dissolve CA was assessed.  
CA is relatively inert and does not interact with or impede the movement of proteins, 
making it a useful component for a support medium. Generally, CA is prepared by 
treating cellulose with acetic anhydride (acetylation of cellulose). That is, acetyl groups 
become linked to the hydroxyl groups (negative charges) on sugar molecules that are the 
building blocks for cellulose.55 The solubility of CA depends on the degree of 
substitution (DS), e.g. the most common form of CA has an acetate group on approx. 2-
2.5 of every three hydroxyls (DS = 2-2.5). This type is soluble in acetone, dioxane and 
methyl acetate; higher acetylated types are soluble in dichloromethane. Acetic acid is 
generally a good solvent for CAs with DS greater than 0.8.56 CA used in the present 
work presented a DS of approx. 1.2, therefore, glacial acetic acid was first used as a 
solvent. Acetic acid is a weak acid that in its pure, water-free formulation (glacial acetic 
acid) is quite corrosive. Therefore, it might interact with the Ag SPE electrode surface, 
removing the binder from the ink and causing further surface modifications. In order to 
evaluate its effect, amperometric responses at –0.1 V (vs Ag/AgCl) in PBS, pH 6.8 were 
performed for a DBSA/KCl modified Ag SPE before and after 10 s immersion in glacial 
acetic acid. The effect of the acid on the DBSA/KCl modification and, consequently, 
Chapter 5 
 142 
H2O2 catalysis was estimated by comparison of the cathodic currents provided by the 
electrode in the presence of 5·10-3 M H2O2 (Fig. 5.7).  
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Figure 5.7. Amperometric responses of a DBSA/KCl modified Ag SPEs measured 
at –0.1 V (vs Ag/AgCl) in PBS pH 6.8: (a) before and (b) after 10 s immersion in 
glacial acetic acid, at H2O2 concentration from 1 to 5·10-3 M. 
 
 
As can be observed, acetic acid had a significant negative impact on H2O2 catalysis 
from DBSA/KCl modified Ag SPEs. Thus, the cathodic current shown by the electrode 
at 5·10-3 M H2O2 after immersion in acetic acid was approx. 6.8·10-6 A, almost one order 
of magnitude lower than that shown by the same electrode before acetic acid treatment, 
4.9·10-5 A. That negative effect of the acetic acid on DBSA/KCl modified electrodes can 
be also observed in the SEM pictures in Fig. 5.8. An etching effect on the electrode 
surfaces was observed after the immersion in both acetic acid solutions, alone and with 
CA, as is shown in Fig. 5.8B and 5.8C. The spheroidal structures that appeared on the 
surface following DBSA/KCl modification (Fig. 5.8A) were not so evident on electrodes 
after acetic acid treatment (Fig. 5.8B and 5.8C). The presence of the CA membrane 
might have reduced the etching process from the solvent, which would explain the 
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higher catalytic responses obtained by the CA-modified electrodes respect to those 
exposed just to acetic acid solutions (Figs. 5.5 and 5.7). However, a CA membrane 
would not be visible by SEM. This decrease in the catalytic activity after immersion in a 
solution containing acetic acid might explain the further variability obtained between 
glucose biosensors. Therefore, a different solvent for the preparation of CA solutions 
was required. 
 
A) B)
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Figure 5.8. SEM images of DBSA/KCl modified electrodes (A) without any further 
modification, (B) after 10 s immersion in 1% (w/v) CA in acetic acid and (C) after 
10 s immersion in glacial acetic acid. Accelerating voltage of 20 kV. (1.0 k x 
magnification). 
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Acetone is a colourless, flammable liquid, miscible with water and used as an 
important solvent for many industrial applications. As was mentioned above, CA is 
readily soluble in acetone, so this solvent was evaluated as a suitable alternative to 
glacial acetic acid for cellulose membrane formation. In order to check the effect of 
CA/acetone on DBSA/KCl modification, amperometric responses and SEM images of 
surfactant-modified electrodes were taken before and after their immersion in an 
acetone-based solution. A DBSA/KCl modified Ag SPE was first measured in PBS, pH 
6.8 in the presence of 1 to 5·10-3 M H2O2 by amperometry at –0.1 V (vs Ag/AgCl). After 
that, the electrode was dipped into a 2% (w/v) CA in acetone solution for 1 min. After 
washing thoroughly with distilled water, the electrode was placed in a cell containing 
PBS, pH 6.8 and amperometry was again performed in the presence of H2O2. The effect 
of just acetone on DBSA/KCl modification was also checked by the immersion of the 
electrode in acetone for 10 s. Fig. 5.9 shows the amperometric responses of a 
DBSA/KCl modified electrode before and after the immersion in CA/acetone solution 
and after the immersion in just acetone. DBSA/KCl modified electrode before 
immersion in CA solution exhibited a cathodic current of approx. 6.4·10-5 A in the 
presence of 5·10-3 M H2O2 whereas the same electrode after CA membrane deposition 
showed approx. 2.3·10-5 A. When immersed only in acetone for 10 s the cathodic current 
was 5.0·10-6 A. Therefore, the decrease in the catalytic current shown by the electrode 
after the immersion in CA/acetone could be attributed to the etching effect of the 
acetone diminished by the presence of CA.  
As can be seen, the cathodic current of the DBSA/KCl modified electrode is simply 
three-fold higher than that after CA deposition and over an order of magnitude greater 
than that after acetone immersion. 
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Figure 5.9. Amperometric responses of DBSA/KCl modified Ag SPEs measured at 
–0.1 V (vs Ag/AgCl) in PBS pH 6.8: (a) without any further treatment (b) after 1 
min immersion in 2% (w/v) CA in acetone solution and (c) after 10 s  in acetone, at 
H2O2 concentration from 1 to 5·10-3 M. 
 
 
The etching effect of acetone on the electrode surface was also observed in the SEM 
images shown in Fig. 5.10. Surface areas from electrodes after treatment in acetone-
based solution alternated silver paste areas with blurred ones, as can be observed in Fig. 
5.10B and 5.10C. Again, the presence of CA might have diminished the etching effect of 
the solvent, as can be observed by the higher catalytic responses towards H2O2 of the 
CA-modified electrodes respect to those just exposed to acetone (Fig. 5.9). However, the 
CA membrane is not conductive, which made difficult its detection by SEM microscopy 
without any metal sputtered on top. Nevertheless, the negative effect of acetone on 
DBSA/KCl modification was evident from the amperometric responses and the SEM 
images. Such effects have been previously reported in the literature. Thus, Polan et al.51 
developed a glucose biosensor by immobilizing GOx onto carbon screen printed 
electrodes with CA. Solutions at concentrations from 0.05 to 3% of CA in acetone were 
used. They realized that acetone dissolved the binder in the carbon ink (of a resin type), 
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which caused partial washing of the electrode. In this case, that could be a further 
evidence for the presence of the binder playing a role in the H2O2 catalysis observed 
after DBSA/KCl modification. The etching effect of the acetone might remove the 
binder with the consequent loss of the DBSA/KCl modification. 
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Figure 5.10. SEM images of DBSA/KCl modified electrodes (A) without any 
further modification, (B) after 1 min immersion in 2% (w/v) CA in acetone and (C) 
after 10 s immersion in acetone. Accelerating voltage of 20 kV. (1.0 k x 
magnification). 
 
 
Despite the observed effect of the acetone, a glucose biosensor was fabricated from a 
DBSA/KCl modified electrode by immersion in a 2% (w/v) CA in acetone solution for 1 
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min. The electrode was then washed thoroughly with distilled water and subjected to 
modification steps according to the established GOx immobilization process. 
Amperometry at –0.1 V (vs Ag/AgCl) in PBS, pH 6.8 was carried out at glucose 
concentrations from 1 to 6·10-3 M. H2O2 was then added to the bulk to a final 
concentration of 1·10-3 M. Varying the solvent from CA solution during GOx 
immobilization procedure did alter the catalytic response towards glucose determination 
shown by the biosensor devices, as is illustrated in Fig. 5.11.  
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Figure 5.11. Amperometric responses of Ag/ DBSA/KCl/ CA/ GOx electrodes 
measured at –0.1 V (vs Ag/AgCl) in PBS pH 6.8, at glucose concentration from 1 to 
5·10-3 M. Later, H2O2 (1·10-3 M) is added to the solution. Ag/ DBSA/KCl/ CA/ GOx 
electrodes were prepared by immersion in: (a) 2% (w/v) CA solution in acetone for 
1 min and (b) 1% (w/v) CA in glacial acetic acid solution for 10 s. 
 
 
CA dissolved in acetone seemed to provide better membranes on the DBSA/KCl 
modified electrodes compared to acetic acid. The cathodic current shown by the former 
was approx. 8.6·10-7 A in the presence of 6·10-3 M glucose whereas the latter exhibited 
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approx. 6.6·10-8 A. The catalytic enhancement of the reduction current using acetone as 
solvent for CA was not only observed in glucose determination but also in H2O2 sensing. 
A near five-fold greater cathodic current in the presence of 1·10-3 M H2O2 was obtained 
by the acetone modified electrode (4.7·10-6 A), than by the acetic acid modified one 
(1.0·10-6 A). Therefore, acetone was selected as the solvent in the CA solution in further 
work as it exhibited larger responses during both glucose and H2O2 sensing processes. 
 
5.2.2.2.4. Optimization of modification times in 5% HMDA and 2.5% GA solutions 
 
Following the optimisation of the CA membrane formation step, the next step in the 
GOx immobilization process was considered. Thus, several Ag/ DBSA/KCl/ CA 
electrodes were immersed in 5% HMDA in aqueous solution for different periods of 
time, from 1 to 20 min. After intensive washing with distilled water, the electrodes were 
placed in PBS, pH 6.8 and amperometry at –0.1 V (vs Ag/AgCl) was carried out. Fig. 
5.12 shows the amperometric responses of the HMDA-treated electrodes in the presence 
of H2O2 (0-5·10-3 M). Varying the time of exposure to 5% HMDA aqueous solution did 
not seem to bring about noticeable changes in the cathodic currents in the presence of 
5·10-3 M H2O2. In this way, 7.8·10-6 A was the cathodic current at that concentration 
shown by a Ag/ DBSA/KCl/ CA electrode after 1 min immersion in HMDA solution 
whereas an electrode immersed for 20 min provided 8.2·10-6 A. The currents exhibited 
by electrodes immersed in 5 and 10 min in HMDA solution were 8.1·10-6 A and 6.7·10-6 
A, respectively. However, those currents were approx. 4-fold lower than that obtained 
by a DBSA/KCl modified Ag SPE in the presence of 5·10-3 M H2O2, being 3.5·10-5 A.  
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Figure 5.12. Amperometric responses of Ag_DBSA/KCl_CA electrodes measured 
at -0.1 V (vs Ag/AgCl) in PBS pH 6.8 after immersion in 5% HMDA aqueous 
solution for: (a) 1 min; (b) 5 min (c) 10 min and (d) 20 min, at H2O2 concentration 
from 1 to 5·10-3 M. 
 
 
Further studies varying immersion times in 2.5% GA aqueous solutions did not lead 
to any improvement in reproducibility or sensitivity of the glucose biosensor whereas 
the cathodic current provided for the catalytic reduction of H2O2 were even lower. Thus, 
Ag/ DBSA/KCl/ CA electrodes immersed in 2.5% GA solution for 1, 5, 10 and 20 min 
showed cathodic currents of 3.7·10-6 A, 3.1·10-6 A, 3.8·10-6 A and 3.1·10-6 A, in the 
presence of 5·10-3 M H2O2. Amperometric responses corresponding to these experiments 
are shown in Fig. 5.13.  
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Figure 5.13. Amperometric responses of Ag/ DBSA/KCl/ CA electrodes measured 
at –0.1 V (vs Ag/AgCl) in PBS pH 6.8, at H2O2 concentration from 1 to 5·10-3 M. 
Electrodes were first modified in 5% HMDA aqueous solution for 1 min and then 
in 2.5% GA for: (a) 1 min; (b) 5 min (c) 10 min and (d) 20 min.  
 
 
5.2.2.3. Analytical characterisation of the glucose biosensor 
 
Subsequently, the feasibility of Ag/ DBSA/KCl/ CA/ GOx electrodes to be used as 
glucose biosensors was evaluated and LOD, sensitivity and reproducibility studies were 
performed. Six DBSA/KCl modified electrodes were treated according to the adopted 
standard protocol, using acetone as solvent in CA solutions. After rising, they were 
measured in PBS, pH 6.8. Amperometric responses to glucose from 0.4 to 4·10-3 M were 
plotted versus glucose concentration and regression lines for each electrode were 
calculated. Fig. 5.14 shows the amperometric response and the calibration curve 
acquired with one of the electrodes as an example.  LOD and sensitivity were calculated 
from the regression line obtained from the plot of the cathodic currents vs glucose
 
concentration, with a signal-to-noise ratio of 3.57 These data are presented in the inset of 
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Fig. 5.14. LOD and sensitivity obtained for this particular electrode were found to be 
8.4·10-5 M and 1.36·10-3 AM-1cm-2, and the average values for the six electrodes were 
8.9·10-5 M and 1.2·10-3 AM-1cm-2, respectively (Fig. 5.15). A comparison of the 
analytical parameters of the developed glucose biosensor with other devices reported in 
the literature is shown in Appendix 3. 
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Figure 5.14. Amperometric responses of a Ag/ DBSA/KCl/ CA/ GOx electrode in 
0.4·10-3 M aliquots of glucose
 
(0.4 - 4 ·10-3 M) at –0.1 V (vs Ag/AgCl) in PBS pH 6.8. 
Input: Plot of cathodic current vs glucose
 
concentration at –0.1 V (vs Ag/AgCl) in 
PBS pH 6.8. 
 
 
Those values were improved with regard to other LODs and sensitivities obtained 
with biosensors based on screen-printed electrodes. For example, Lee et al.58 developed 
a glucose biosensor based on carbon screen printed electrodes with hexacyanoferrato 
(III) as an electron transfer mediator. A mixture solution of chitosan oligomers (COs) 
and the mediator (Ferri) was drop-coated onto the carbon screen printed electrodes and 
GOx was subsequently deposited on top, creating a GOx/Ferri-COs glucose biosensor. 
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Several parameters such as GOx loadings, COs concentrations, pH solution and applied 
potential were studied in order to provide a high sensitivity and good reproducibility 
biosensor device. A LOD of 1.38·10-3 M and a sensitivity of 6.77·10-4 AM-1 were 
obtained at an applied potential of 0.3 V. Ricci et al.22 also reported the fabrication of a 
glucose biosensor based on GOx deposition onto a modified graphite screen printed 
electrode. Prior to enzyme immobilization, electrodes were chemically modified with 
ferric hexacyanoferrato (Prussian Blue), which allowed H2O2 detection at low applied 
potential (0 V vs Ag/AgCl). Both the Prussian Blue layer and the assembled biosensor 
showed high operational and storage stability. After optimization, the glucose biosensor 
exhibited a LOD of 2.5·10-5 M, which is in the same order of magnitude as that obtained 
in the present work. Lower LODs, in the order of 10-6 M, were also described in the 
literature meanly corresponding to systems based on gold nanoparticles (GNp) modified 
Pt electrodes. For instance, Wu et al.39 developed a glucose biosensor based on the layer-
by-layer assembled chitosan/gold nanoparticles/GOx film onto Pt electrodes, which 
exhibited a LOD of 7·10-6 M at an applied potential of 0.6 V (vs Ag/AgCl). The same 
group59 also fabricated another glucose biosensor based on multilayer films composed of 
multi-wall carbon nanotubes (MWCNTs), GNp and GOx for the specific detection of 
glucose. This system provided a lower LOD, 6.7·10-6 M at also lower applied potential, 
0.35 V (vs Ag/AgCl). 
Data of averages and standard deviations of the cathodic currents obtained by the six 
electrodes are shown in Fig. 5.15 and Table 5.3. Current data corresponding to 0.4-
1.2·10-3 M glucose were not considered for the regression line. As can be observed, low 
glucose concentrations led to higher standard errors in the cathodic currents than high 
glucose concentrations. However, the variability shown by the electrodes modified by 
CA in acetone was far lower than that previously observed when the electrodes were 
immersed in CA solution containing acetic acid. Standard error for acetone-based 
solution at 4·10-3 M glucose was approx. 21% whereas the error for the electrodes 
modified with the acetic acid-based solution was 43%. 
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Figure 5.15. Measurements of glucose using the Ag/ DBSA/KCl/ CA/ GOx 
electrodes (n=6) at –0.1 V (vs Ag/AgCl) in PBS pH 6.8. CA membrane deposited 
after 1 min immersion in 2% (w/v) CA solution in acetone. (slope = 1.491·10-7 
AmM-1; sensitivity = 1.18·10-3 AM-1cm-2). 
 
 
An enhancement in the sensitivity of the electrodes was also exhibited when the CA 
membrane was deposited from the acetone-based solution. The latter provided an 
average cathodic current of 4.64·10-7 A in the presence of 4·10-3 M glucose whereas the 
average for the electrodes modified with the acetic acid-based solution was 2.63·10-8 A. 
Such difference represented an almost 20-fold enhancement in the catalytic response of 
the electrodes treated with the acetone-based solution towards glucose. However, the 
variability shown by the latter was still high in comparison with other systems in the 
literature. As was mentioned above, Barsan and Brett37 reported the development of a 
new carbon/CA composite material used as a platform in the fabrication of a glucose 
biosensor. The enzyme was immobilized by cross-linking with glutaraldehyde on the top 
of poly(neutral red) (PNR) modified CA-graphite composite electrodes. The 
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reproducibility obtained with this CA-based glucose biosensor was approx. 5% (r.s.d.), 
depending on the type of graphite applied in the composite fabrication. 
 
Table 5.3. Average and standard deviation for Ag/ DBSA/KCl/ CA/ GOx (n=6) 
 
[Glucose] / 
10-3 M 
icat (average) / 
A 
Standard 
deviation / A 
% error 
0.4 1.3·10-8 7·10-9 54 
0.8 2.9·10-8 2.0·10-8 69 
1.2 6.3·10-8 2.7·10-8 43 
1.6 1.07·10-7 3.5·10-8 33 
2.0 1.61·10-7 4.2·10-8 26 
2.4 2.21·10-7 5.0·10-8 23 
2.8 2.79·10-7 6.2·10-8 22 
3.2 3.41·10-7 7.2·10-8 21 
3.6 4.00·10-7 8.5·10-8 21 
4.0 4.64·10-7 9.9·10-8 21 
 
 
As was mentioned above, the responses detected by the amperometric glucose 
biosensors developed in the present work corresponded to H2O2 released after the 
enzymatic reaction. Glucose responses obtained by the Ag/ DBSA/KCl/ CA/ GOx 
electrodes were in part dependent on the initial catalytic activity of those electrodes 
towards H2O2 reduction as illustrated in Chapters 3 and 4. Therefore, the variability of 
the catalysis of the DBSA/KCl-modified electrode surface would be a contribution to the 
lack of reproducibility shown by the biosensor devices. To assess this, data 
corresponding to glucose determination were ratioed with respect to the response of each 
electrode to 1·10-3 M H2O2. Averages and standard deviation for the normalized data 
were determined and are shown in Fig. 5.16 and Table 5.4. Current data corresponding 
to 0.4-1.2·10-3 M glucose were not considered for the regression line. As can be 
observed, standard errors for the normalized data were significantly lower than those 
calculated from the raw data. Such improvement in reproducibility was more noticeable 
at high glucose concentrations, where standard deviations were less than half those for 
the raw data.  
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Figure 5.16. Plot of average and standard deviation of the ratios glucose/1·10-3 M 
H2O2 responses vs glucose concentration for Ag/ DBSA/KCl/ CA/ GOx electrodes 
(n=6). Data were obtained by amperometry at –0.1 V (vs Ag/AgCl) in PBS pH 6.8. 
CA membrane deposited after 1 min immersion in 2% (w/v) CA solution in 
acetone. (slope = 5.5·10-2 mM-1). 
 
 
The fact that better reproducibility was obtained with the normalized data pointed to 
the fact that the enzymatic immobilization process was not the only factor responsible of 
the inter-electrode variability observed, but also changes in DBSA/KCl modification. 
DBSA/KCl modified electrodes had undergone several modification steps during the 
GOx immobilization process, which might partially reduce the catalytic activity towards 
H2O2 reduction. Moreover, the manual nature of the surface modification might 
contribute to the poor reproducibility of the biosensors. Such issues could be improved 
by the use of inkjet printing for DBSA/KCl modification and material deposition by 
controlling and reducing reagent exposure times and reducing and precisely controlling 
deposited reagent volumes.  
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Table 5.4. Average and standard deviation for normalized data of Ag/ 
DBSA/KCl/ CA/ GOx (n=6) 
 
[Glucose] / 
10-3 M 
Ratio iglucose/i1mM 
H2O2 (average)  
Standard 
deviation  
% error 
0.4 0.004 0.002 50 
0.8 0.011 0.005 45 
1.2 0.024 0.006 25 
1.6 0.041 0.008 20 
2.0 0.060 0.010 17 
2.4 0.083 0.012 14 
2.8 0.105 0.012 11 
3.2 0.127 0.013 10 
3.6 0.149 0.013 9 
4.0 0.172 0.012 7 
 
 
The use of acetone as a CA solvent might also be responsible of the relatively poor 
reproducibility of the biosensors. Polan et al.51 reported the uneven distribution of CA 
onto carbon screen-printed electrodes when acetone was used as a solvent. They 
attributed that effect to the volatility of the acetone, which vaporized very quickly while 
CA was spread onto the electrode surface. In the present work, the membrane was 
formed by immersion in a CA solution and subsequently in cold distilled water. 
However, the period of time employed to move the electrodes from one solution to the 
next one might be enough to introduce a relative variability in the membrane deposition. 
Although the biosensors fabricated following the established protocol exhibited 
acceptable analytical performance parameters for determination of glucose compared to 
other devices in the literature, further studies should be carried out to obtain a more 
amenable GOx immobilization procedure. 
 
 
 5.3. CONCLUSIONS 
 
DBSA/KCl modified Ag SPEs as developed in Chapter 3 have been used as a 
platform for the fabrication of a glucose biosensor. Previous investigations had shown 
the enhancement of the catalytic activity towards H2O2 undergone by Ag SPEs after 
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surfactant-based modification. This phenomenon was employed here for the 
construction of an enzymatic device for glucose determination. The feasibility of 
DBSA/KCl modified Ag SPEs was first assessed in the presence of the enzyme GOx in 
solution by amperometry. The catalytic activity of the electrodes to H2O2 reduction 
seemed to be affected by the enzymatic reaction of the glucose. Therefore, a protective 
membrane was required to avoid any damages on DBSA/KCl modification and 
simultaneously to facilitate GOx immobilization. Cellulose acetate (CA) was selected as 
the isolating layer and a first glucose biosensor was built by covalent attachment of GOx 
using hexamethylenediamine (HMDA) and glutaraldehyde (GA). Poor reproducibility 
was obtained with the initial values of the adopted immobilization protocol. Therefore, 
several parameters such as CA concentrations and appropriate solvent for its solutions, 
modification times in HMDA and GA were further studied. 1 min in 2% (w/v) CA in 
acetone, 20 min in 5% (w/v) HMDA aqueous solution and 20 min in 2.5% GA aqueous 
solution turned to be the optima parameters for the biosensor. An average LOD of 
8.9·10-5 M and sensitivity of 1.2·10-3 AM-1cm-2 were obtained when glucose 
concentration ranged from 0.4 to 4·10-3 M. An improved reproducibility in the 
measurements was reached when the cathodic currents corresponding to glucose sensing 
were normalized respect to the catalytic response to 1·10-3 M H2O2. R.S.D. of up to 7% 
was obtained by six electrodes when glucose concentration was 4·10-3 M. Such 
enhancement in the normalized data respect to the raw one showed the negative effect 
that acetone as a solvent for CA induced on the DBSA/KCl modification as well as the 
variability of the DBSA/KCl modified electrodes as platforms. The application of more 
accurate deposition technique such as inkjet printing for the surfactant-based 
modification first and the subsequent fabrication of a glucose biosensor will be further 
studied and discussed in Chapter 6. 
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Development of a glucose biosensor based on a 
surfactant/salt-modified silver-based electrocatalyst 
fabricated by inkjet printing 
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 6.1. INTRODUCTION 
 
The fabrication of biosensors and other related biomedical devices requires the 
localised interaction of biological molecules and biomaterials with an analyte contained 
in a sample fluid. This necessitates the placing of the biomolecule in a defined location 
in the biosensor device. In the past, sensors and biosensors were relatively complex 
devices in terms of the diversity of parts and techniques required to assemble them. This 
led to high device manufacturing costs. In recent years, the production of biosensors has 
moved to fabrication and production processes that allow for high throughput, highly 
parallel, mass manufacture. Such processes have had the common feature of a system of 
production based on a flexible, planar manufacturing platform inspired by the traditional 
print media industry, particularly screen printing. 
In more recent times, inkjet printing has become one of the most promising 
techniques capable of manufacturing low cost electronic biosensor platforms. In terms of 
patterning, inkjet printing is one of the most versatile methods available for prototyping. 
It also allows the deposition of very small volumes of ink (picolitres) in a rapid 
procedure, achieving high pattern precision and resolution with greater reproducibility 
than that of other techniques such as screen-printing.1 Moreover, the fact that no mask is 
required to pattern the ink and the absence of physical contact between printhead and 
printed substrate further facilitate the printing process.  
Inkjet printing operates by the highly controlled ejection of low volumes of ink from 
a printhead employing a single nozzle or a series of nozzles. It permits the deposition of 
tiny droplets (≥ 1 pl) onto a substrate (glass, plastic, metal, etc.) with high precision and 
reproducibility. Resolutions higher than 1200 dpi (dots-per-inch) can be reached with 
the modified desktop Olivetti system, which means a dot diameter of approx. 15-40 µm, 
depending on printing material and substrate.1  
Four techniques exist to bring about ejection of droplets from a printhead. These are 
thermal, piezoelectric, electrostatic and acoustic.2, 3 However, the most common inkjet 
printers are based on either drop-on-demand thermal and piezoelectric printheads (Fig. 
6.1).  
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Figure 6.1. Principles of operation of (A) Thermal4 and (B) Piezoelectric5 inkjet 
printing ejection mechanisms.  
 
 
To develop an ink that is printable, rheological properties such as viscosity and 
surface tension are critical. As a droplet is expelled from the orifice of a nozzle, energy 
goes into viscous flow, surface tension of the drop and kinetic energy. The viscosity 
must be low enough to allow the channel to be refilled in about 100 µs.6 The surface 
tension must be high enough and the pressure low enough, to hold the ink in the nozzle 
without dripping. The viscosity of the ink should be in the range of 3-20 cP and the 
surface tension between 20 and 70 dyncm-1 to avoid clogging or dripping and to ensure 
continuous film formation onto the substrate surface in a piezoelectric inkjet printing 
system.7, 8 These precise characteristics depend on the ejection mechanism and the end-
application for the printed films.9, 10 It is often necessary to add wetting agents, pigments 
and polymeric compounds to improve resolution and printed film quality.1, 8, 11 
The range of functional ink materials that can be printed has increased greatly during 
the last number of years. Inks can be printed directly to an unmodified substrate or after 
(B)
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a pre-treatment in order to induce air-stability and solution processability. For example, 
PEDOT can be doped with PSS to permit its dispersion in water to obtain a printable 
ink.4, 12, 13 Resulting polymer films possess good conductivities (1-10 S cm-1)13 and high 
stability in the solid film form and have been used for the fabrication of biosensors,1 thin 
film transistors12 and other electronic circuits.14  Surfactant-dispersed PANI 
nanoparticles have been inkjet printed using a piezoelectric device by Morrin et al.15 
Conducting polymers such as PANI are important promising materials in terms of both 
optical and electrochemical sensing and are being extensively researched at a 
nanostructured level, where processability can be significantly improved.  
Most large-scale applications for inkjet printing carried out to date have been based 
on high value or high volume products such as solar panels, OLED displays, electronic 
components, graphics, packaging and other industrial marking. However, many are now 
turning to its application in biosensing devices, for both industrial and R&D purposes. 
Thus, as well as conducting polymer and organic materials, new biological materials 
including enzymes, single-stranded DNA (ssDNA) oligomers16, 17 and human cells18  
have been developed and printed using this technique.  
Although inkjet printing technology has been exploited for the last number of years 
for the printing of functional materials, new applications, especially in the biosensing 
field, are constantly emerging. Its unique characteristics, range of materials that can be 
printed, non-contact mode and its simple handling make this technique feasible to large-
scale production. In addition, inkjet printing permits the use of environmentally friendly 
solvents and the waste production is minimal as small quantities of printed material are 
required, as opposed to more traditional deposition techniques such as screen-printing. 
Therefore, inkjet printing has proven to be a useful technique to pattern a high variety of 
material simply and quickly; key characteristics for the application of any deposition 
technique.  
In the present work, inkjet printing was used to deposit DBSA/KCl solution onto Ag 
SPEs and its catalytic effect towards H2O2 reduction was assessed. The previous chapter 
had shown a lack of reproducibility between glucose biosensors, partially attributed to 
the poor reproducibility of the modification steps due to their manual nature. The use of 
inkjet printing for DBSA/KCl deposition might improve the variability of the sensing 
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devices by enhancing the control of the reagent volume and exposure times. Cyclic 
voltammetry and amperometry were performed to compare the catalytic activity on 
H2O2 of electrodes modified by both inkjet printing and dip-coating techniques. Inkjet 
printing parameters such as ejection volume, solution concentrations and nozzle voltage 
were subsequently optimised. Scanning Electron Microscopy was performed to 
characterize electrode surfaces modified by both deposition mechanisms. GOx was then 
immobilized onto the inkjet printed DBSA/KCl modified electrodes following the 
standard protocol adopted in the previous chapter and its catalytic activity on glucose 
determination was evaluated. Analytical parameters such as LOD, sensitivity and inter-
electrode reproducibility were calculated and contrasted with other data in the literature.  
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6.2. RESULTS AND DISCUSSION 
 
As was observed in previous chapters, the DBSA/KCl modification of Ag SPEs led 
to an enhancement of the catalytic characteristics of that material towards H2O2 
electrochemical reduction. Up to now, such modification was carried out by immersing 
the electrodes in the surfactant-based modification solution for approx. 3 h. However, 
higher reproducibility, shorter modification times, and better production processing 
might be reached by using a technique such as inkjet printing. The application and 
optimization of such a technique for DBSA/KCl modification is discussed and its 
application to a glucose biosensor assessed. 
 
6.2.1. Modification of the silver electrode by the inkjet print deposition of 
DBSA/KCl 
 
DBSA/KCl Ag SPEs modified by inkjet printing were compared to those modified 
by dip-coating in the surfactant-based solution by means of cyclic voltammetry and 
amperometry. These electrochemical techniques were first performed on the unmodified 
electrodes in PBS, pH 6.8 as controls. Subsequently, Ag SPEs were either dipped into a 
solution of 3.3·10-2 M DBSA/ 0.1 M KCl for 3 h or the modification solution was inkjet 
printed onto the electrodes. Five layers of surfactant-based solution were inkjet printed 
at a nozzle voltage of 18 V by means of a 16-nozzle head cartridge. The excess of 
modification solution was removed from the surfaces by rinsing the electrodes 
thoroughly with distilled water. The inkjet printed solution was allowed to dry for five 
minutes before washing. The modified electrodes were then subjected to cyclic 
voltammetry and amperometry in PBS, pH 6.8. Final H2O2 concentrations in the solution 
ranged from 1·10-3 to 5·10-3 M. Fig. 6.2 shows the cyclic voltammograms for 
unmodified, dip-coated DBSA/KCl modified and inkjet printed DBSA/KCl modified Ag 
SPEs in the absence of H2O2. As can be observed, the non-faradaic or charging current 
from the cyclic voltammograms was much higher for the modified electrodes than for 
the unmodified one. To be precise, dip-coated DBSA/KCl modified electrode showed a 
non-faradaic current of 2.4·10-5 A at –0.1 V whereas the current for the unmodified 
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electrode was 3.6·10-7 A at the same potential. As was previously mentioned in Chapter 
3, the almost 70-fold difference in the charging current indicated that Ag SPEs had 
undergone a surface modification after immersion into the surfactant/salt solution. The 
non-faradaic current corresponding to the inkjet printed DBSA/KCl modified electrode 
was 2.1·10-5 A, which was only marginally lower than the dip-coated electrode. Such 
similarity illustrated that DBSA/KCl modified electrodes by inkjet printed seemed to 
also undergo a surface modification comparable with that carried out by the dip-coating 
technique employed initially.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2. Cyclic voltammograms of Ag SPEs measured in PBS pH 6.8 solution, in 
the absence of H2O2: (a) unmodified; (b) 3.3·10-2 M DBSA/ 0.1 M KCl modified by 
inkjet printing and (c) 3.3·10-2 M DBSA/ 0.1 M KCl modified by dip-coating. 
 
 
Typical amperometric responses for the unmodified and DBSA/KCl modified 
electrodes in H2O2 are shown in Fig. 6.3. These were performed at –0.1 V (vs Ag/AgCl) 
in PBS pH 6.8. The cathodic currents exhibited by the unmodified, dip-coated and inkjet 
printed DBSA/KCl modified Ag SPEs in the presence of 5·10-3 M H2O2 were 1.7·10-7 A, 
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5.6·10-5 A and 3.1·10-5 A, respectively. As was previously suggested by the non-faradaic 
currents from the cyclic voltammograms, inkjet printed DBSA/KCl modified Ag SPE 
underwent a surface modification which led to an enhancement in its catalytic activity 
towards H2O2 reduction. Although the modification time was remarkably reduced by the 
inkjet printing process (from 3 h to 10 min), the cathodic current shown by the dip-
coated modified electrode was only some two-fold higher than that provided by the 
inkjet printed modification. However, the initial charging current and the background 
current were lower for the electrode modified by inkjet printing, as well as reaching 
steady state more quickly. Several printing parameters such as ejection volume, DBSA 
and KCl concentrations in the cartridge, nozzle voltage and the effect of washing after 
printing were investigated to further improve the inkjet deposition methodology. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3. Amperometric responses of Ag SPEs measured at –0.1 V (vs Ag/AgCl) 
in PBS pH 6.8: (a) unmodified; (b) 3.3·10-2 M DBSA/ 0.1 M KCl modified by inkjet 
printing and (c) 3.3·10-2 M DBSA/ 0.1 M KCl modified by dip-coating, at H2O2 
concentration from 1 to 5·10-3 M. 
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6.2.1.1. Optimization of the ejection volume 
 
Drop-on-demand piezoelectric inkjet printing is based on the application of a 
pressure pulse generated by an electromechanical actuator to a chamber of liquid behind 
a printing aperture. The printhead is previously positioned where required and drops are 
generated “on demand” when necessary in order to create the established pattern.19 The 
mass of modifying agent that is deposited is a combination of the concentration and the 
volume of liquid per unit area that can be deposited, which is in turn dependent on the 
contact angle of the liquid on the surface. One of the ways of increasing the mass of 
modification solution that the surface is exposed to is to increase the number of prints, 
assuming that the concentration remains constant. Multiple overprints can be performed 
automatically as required.20 The greater the number of prints, the greater the total 
amount of material ejected onto the substrate. There are generally two modes of 
depositing materials by an inkjet printer. The first one is a firing mode and consists of 
just ejecting material at a fixed position whereas the second one allows simultaneous 
pattern deposition on several electrodes. The first mode can be used to calculate the drop 
volume, simply by weighing the substrate before and after the deposition of a certain 
amount of drops and approximating the material density to that of water (1 g·ml-1). This 
mode allows deposition of larger quantities of material, which reduces the error in the 
volume calculation due to evaporation, but does not allow pattern formation. However, 
the second method permits the generation of any pre-defined or customized pattern. The 
material is here deposited layer-by-layer and generally the amount of material is so small 
that this leads to significant errors in volume estimations. This error is generally 
enhanced by the high evaporation rate due to the high solution area exposed to air.  
The aim in the present work was the development of a protocol for the inkjet printing 
of the DBSA/KCl modification solution and its subsequent use in the development of a 
glucose biosensor. The ejection volume was evaluated according to the number of prints 
deposited, assuming solution concentration remains invariable.  
The optimum number of prints was assessed by amperometry, contrasting the 
catalytic response of the modified electrodes in H2O2. The concentrations in the 
modification solution for the inkjet printing procedure were the same as those used for 
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dip-coating being 3.3·10-2 M DBSA/ 0.1 M KCl. Five electrodes were modified with the 
same number of prints simultaneously and the average and standard deviation for the 
cathodic currents were calculated. Fig. 6.4 shows the average and standard deviation for 
the catalytic response of Ag SPEs modified by inkjet printing versus the number of 
prints of material deposited. As can be observed, one print of surfactant-based solution 
onto Ag SPEs was enough to enhance the catalytic response of the electrodes towards 
H2O2 reduction. As was presented in the previous section, the cathodic current provided 
by an unmodified Ag SPE in the presence of 5·10-3 M H2O2 was 7.0·10-7 A whereas the 
average current after one print of DBSA/KCl was 1.91·10-5 A. This difference of almost 
two orders of magnitude in the response demonstrated the immediate modification of the 
electrode surface after its contact with the DBSA/KCl solution. In Chapter 3, the rapidity 
of the modification phenomenon was already noted, and is reinforced by the inkjet 
printed solution as well as the little amount of solution required for the modification 
being effective.  
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Figure 6.4. Plot average cathodic current and standard deviation at 5·10-3 M H2O2 
vs no of prints of DBSA/KCl inkjet deposited onto Ag SPEs. The data at 0 prints 
corresponds to the unmodified Ag SPE. 
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The catalytic response of the electrodes seemed first to increase from 1 to 5 prints 
and then decrease above this, as can be seen in Fig. 6.4. Thus, the cathodic current at –
0.1 V (vs Ag/AgCl) in the presence of 5·10-3 M H2O2 showed by Ag SPE following five 
prints of modification solution deposition was 3.41·10-5 A whereas the corresponding 
currents after 10, 15 and 20 prints inkjet printed were 2.38·10-5 A, 2.67·10-5 A and 
2.26·10-5 A, respectively. A possible explanation for this behavior might be related to the 
amount of DBSA/KCl solution required for the modification. The adsorption of the 
DBSA/KCl to the electrode surface would follow an adsorption isotherm. The volume of 
modification solution on the electrode surface would act as a reservoir from which 
DBSA/KCl is adsorbed. This would then deplete the solution of DBSA/KCl. It would 
appear that five prints allowed sufficient adsorption of DBSA/KCl to the electrode to 
result in its complete modification. Above this, this effect was either not apparent, or 
actually slightly reduced the performance of the electrode due, possibly, to inhibitory 
concentrations of the modification material. 
Thus, five prints of the surfactant-based solution seemed to be optimum to achieve 
the highest enhancement in H2O2 catalysis. Therefore, five prints of DBSA/KCl 
solution, which were equivalent to 1.0·10-8 l, were used in further optimization 
experiments. 
 
6.2.1.2. Re-optimization of the DBSA and KCl concentrations in the 
modification solution 
 
Having established that five cycles of inkjet printing of the modification solution 
were necessary to observe the highest catalytic responses, the concentrations of DBSA 
and KCl were re-assessed to establish whether the concentrations used for dip-coating 
were also optimal for inkjet printing. Cyclic voltammetry and amperometry were first 
performed in the presence of 3.3·10-2 M DBSA over a range of KCl concentrations 
followed by 0.1 M KCl over a range of DBSA concentrations. The cathodic responses to 
5·10-3 M H2O2 were correlated with DBSA or KCl concentrations. Fig. 6.5 shows the 
responses of Ag SPEs after five prints of 3.3·10-2 M DBSA/KCl were deposited. As can 
be observed, the catalytic effect on H2O2 reduction increased with KCl concentration in 
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the modification solution to be printed, with an optimum value reached at 0.1 M KCl. 
The cathodic currents for 4·10-3 M, 4·10-2 M and 0.1 M KCl in the presence of 5·10-3 M 
H2O2 were 2.6·10-6 A, 1.99·10-5 A and 3.11·10-5 A, respectively. Higher concentrations 
of KCl did not lead to an improvement in H2O2 catalysis. This was the same 
concentration established for dip-coating. Therefore, the optimum KCl concentration in 
the modification solution for inkjet printing was 0.1 M.  
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Figure 6.5. Plot of current vs [KCl] obtained during amperometric measurements 
of inkjet printed modified Ag SPEs at –0.1 V (vs Ag/AgCl) at 5·10-3 M H2O2. The 
electrodes were modified with a mixed solution of 3.3·10-2 M DBSA and KCl. 
 
 
Fig. 6.6 shows the results of a similar study, using 0.1 M KCl and a range of DBSA 
concentrations. The enhancement of the H2O2 reduction current was shown to be 
dependent on DBSA concentrations with an increasing catalytic effect observed at 
higher DBSA concentration. Thus, at 3.3·10-3 M DBSA the cathodic current observed in 
the presence of 5·10-3 M H2O2 was 1.08·10-5 A whereas at 1.67·10-2 M DBSA the 
reduction current was 1.52·10-5 A. The optimum DBSA concentration in the 
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modification solution was found to be approx. 3.3·10-2 M, where the cathodic current for 
the studied electrode reached a value of 1.86·10-5 A. Further increases in DBSA 
concentrations did not provide higher catalytic responses on H2O2 reduction, e.g. the 
cathodic current observed for 6.7·10-2 M DBSA was 1.59·10-5 A. Again, this was 
identical to that established for dip-coating. 
[DBSA] / M
0.00 0.02 0.04 0.06 0.08
i 5m
M
 
H
2O
2 
/ A
1e-5
1e-5
1e-5
2e-5
2e-5
2e-5
 
 
Figure 6.6. Plot of current vs [DBSA] obtained during amperometric 
measurements of inkjet printed modified Ag SPEs at –0.1 V (vs Ag/AgCl) at 5·10-3 
M H2O2. The electrodes were modified with a mixed solution of 0.1 M KCl and 
DBSA. 
 
 
 Hence, a solution of 3.3·10-2 M DBSA and 0.1 M KCl was established as the 
optimum modification solution for the treatment of Ag SPEs by inkjet printing and this 
was used in subsequent experiments. These data further suggest that the optimum 
concentration of the DBSA/KCl is a critical feature of the surface modification process 
as increases in either do not result in further enhanced catalysis, even when the volume 
of the modification solution is limiting as is the case in the inkjet printed methodology. 
This lends further weight to the argument that the DBSA/KCl solution forms structures 
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that are deposited at the electrode surface. It also suggests that this ratio of 
concentrations are also most appropriate for deposition using inkjet printing and that the 
DBSA/KCl survives the inkjet printing process, at least to a significant degree. 
To assess the effect of the contact time of the modification solution with the 
electrode surface, some electrodes were rinsed immediately after inkjet printing at a 
nozzle voltage of 30 V, whereas the rest were left unwashed for 4 hours (Fig. 6.7).  
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Figure 6.7. Amperometric responses of Ag SPEs measured at –0.1 V (vs Ag/AgCl) 
in PBS pH 6.8, at H2O2 concentration from 1 to 5·10-3 M. Electrodes were modified 
with DBSA/KCl by inkjet printing and then rinsed with distilled water (a) 
immediately or (b) 4 h after the printing process. Nozzle voltage: 30 V. 
 
 
This suggests that longer exposure times to the inkjet printed DBSA/KCl solution 
did not seem to lead to higher catalytic effect towards H2O2 electrochemical reduction. 
In Chapter 3, 3h dip-coated in the DBSA/KCl solution was chosen as the optimum 
modification time. In this case, the printing technique might limit the modification 
process and no further enhancement was observed with time. Thus, the small amounts of 
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DBSA/KCl solution deposited compared to those used for the dip-coating process might 
lead to a quick evaporation of the water and a decrease in the number of lamellar 
structures formed in the solution, even a partial breaking-down. That would lead to 
lower catalytic responses and no further influence of the modification time.   
The cathodic current obtained in the presence of 5·10-3 M H2O2 by the electrode 
washed immediately after inkjet printing was 3.84·10-5 A whereas the reduction current 
from the electrode washed 4 h later was 3.83·10-5 A. The steady state background 
currents exhibited by both electrodes were also analogous, being 1.4·10-6 A and 1.3·10-6 
A, respectively. 
 
6.2.1.3. Optimization of nozzle voltage 
 
Nozzle voltage can also influence the level of catalytic activity of the modification 
solution on Ag SPEs by affecting two parameters: the actual voltage felt by the solution 
and the volume of deposited material. Increasing the printing voltage has been found to 
increase both drop velocity and drop mass when the deposition time is kept constant.18, 21 
Hence, by controlling the excitation voltage applied to the piezoelectric transducer, it is 
possible to vary the quantity of ejected solution. 
DBSA/KCl solution was printed onto a pre-weighed container for 60 s at 5 kHz 
frequency with the application of a range of nozzle voltages. The number of drops was 
estimated by multiplying the ejection time by the frequency and by the number of 
working nozzles. The drop mass was then calculated by dividing the mass of solution 
ejected by the number of drops. The results for each nozzle voltage are shown in Table 
6.1. The plot of drop mass versus nozzle voltage for the inkjet printing process is 
illustrated in Fig. 6.8. As can be seen, the drop mass did increase with nozzle voltage in 
a non-linear fashion. For example, the drop mass obtained applying 25 V, 14.85·10-11 g, 
was only two-fold higher than that achieved applying 13 V, 7.14·10-11 g, whereas at 30 
V the drop mass was found to be more than four-fold higher at 31.82·10-11 g. 
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Table 6.1. Data related to nozzle voltage and the amount of material ejected. 
Nozzle voltage  
/ V 
No. of working 
nozzles 
No. of drops 
ejected in 60 s 
Mass difference  
/ g 
Drop mass 
/ g 
13 7 2.1·106 1.5·10-4 7.14·10-11 
16 9 2.7·106 1.1·10-4 4.07·10-11 
20 11 3.3·106 4.4·10-4 13.33·10-11 
25 11 3.3·106 4.9·10-4 14.85·10-11 
30 11 3.3·106 10.5·10-4 31.82·10-11 
 
 
      
voltage IJP / V
12 14 16 18 20 22 24 26 28 30 32
dr
op
 
m
a
ss
 
/ g
0.0
5.0e-11
1.0e-10
1.5e-10
2.0e-10
2.5e-10
3.0e-10
3.5e-10
 
 
Figure 6.8. Plot of drop mass vs nozzle voltage applied during the inkjet printing 
process of 3.3·10-2 M DBSA/ 0.1 M KCl solution. 
 
 
The effect of the nozzle voltage on H2O2 catalysis was then studied. DBSA/KCl 
modification solution was inkjet printed on Ag SPEs applying several nozzle voltages. 
The electrodes were then rinsed thoroughly with distilled water and amperometry at –0.1 
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V (vs Ag/AgCl) in PBS pH 6.8 was performed. Fig. 6.9 illustrates the plot of the effect 
of the nozzle voltage on the resulting catalytic response to H2O2. The effect of exposure 
time of the modification solution is again evaluated here. Once again, the exposure time 
following printing did not change the catalytic response. With regard to nozzle voltage, a 
voltage of 10 V was not strong enough to cause the ejection of the solution and so, 
therefore, did not show any catalysis. Little change in catalytic current was observed 
between 13 and 30 V suggesting that nozzle voltage did not have any effect on the 
formation of the catalytic surface. As was already commented earlier, DBSA/KCl 
volumes above a certain level did not improve the catalytic activity of Ag SPEs towards 
H2O2.    
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Figure 6.9. Plot of current vs nozzle voltage obtained during amperometric 
measurements of Ag SPEs at –0.1 V (vs Ag/AgCl) at 5·10-3 M H2O2. The electrodes 
were inkjet printed modified with 3.3·10-2 M DBSA/ 0.1 M KCl solution and (•) 
washed immediately or () 4 h after the printing process. Data at nozzle voltage 0 
V (▼) corresponds to dip-coated modified electrodes. 
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The highest catalytic activity was detected at 30 V, 3.9·10-5 A. This value was only 
some 1.2-fold lower than that showed by the dip-coated modified electrode, 4.6·10-5 A. 
Such similarity illustrated that inkjet printed technique was a feasible method for 
DBSA/KCl modification of Ag SPEs. However, such difference between techniques 
might imply that the application of any voltage, even 13 V, to DBSA/KCl solution 
already have an effect on it, leading to the 1.2-fold reduction in catalysis observed. 16 V 
was selected as the optimum nozzle voltage for further DBSA/KCl deposition as it 
provided sufficient enhancement of catalysis. Since the catalytic effect towards H2O2 
reduction did not appear to be significantly affected by exposure time, electrodes were 
subsequently prepared by the deposition of 5 rounds of printing, immediately followed 
by rinsing and drying. 
                 
6.2.2. Comparison of DBSA/KCl modification by inkjet printing and dip-coating 
 
Having established five prints (1.0·10-8 l), 3.3·10-2 M DBSA/ 0.1 M KCl and a 16 V 
nozzle voltage as the optimal parameters for DBSA/KCl modification of Ag SPEs by 
inkjet printing, a final comparison between this method and dip-coating was performed. 
A reproducibility study was first carried out. Ag SPEs were immersed in DBSA/KCl 
solution for 3 h (n=10). The same modification solution was inkjet-printed 
simultaneously onto Ag SPEs (n=8). All the electrodes were then rinsed with distilled 
water and amperometric responses to H2O2 at –0.1 V (vs Ag/AgCl) in PBS, pH 6.8 were 
monitored (Fig. 6.10 and Table 6.2). The DBSA/KCl modified electrodes prepared by 
dip-coating showed consistently higher catalytic responses towards H2O2 reduction than 
those electrodes treated by inkjet printing. Thus, the average reduction currents in the 
presence of 1·10-3 M H2O2 were 5.6·10-6 A and 3.5·10-6 for dip-coated and inkjet-printed, 
respectively, whereas the average cathodic responses at 5·10-3 M H2O2 were 4.64·10-5 A 
and 2.79·10-5 A, respectively. Subsequently, the average sensitivity calculated for the 
inkjet printed modified electrodes was 4.9·10-2 AM-1cm-2, which was 1.6-fold lower than 
that obtained for the dip-coated modified electrodes at 8.1·10-2 AM-1cm-2. Despite all the 
optimization steps performed to improve the catalytic activity of the inkjet-printed 
modification of the electrodes, dip-coated electrodes provided higher reduction currents 
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for H2O2. One possible explanation might be an as yet identified impact that inkjet 
printing technique has on the DBSA/KCl solution. It was observed that voltages lower 
than 13 V did not allow solution deposition. Higher nozzle voltages however led to 
DBSA/KCl deposition but it might be in some measure altered after the printing process, 
bringing about a different behaviour of the modified electrodes towards H2O2 reduction. 
In previous chapters, the catalytic enhancement observed on Ag SPEs after DBSA/KCl 
treatment was partially attributed to the interaction of micellar/lamellar structures from 
the solution with the screen printed electrode surface. If the printing process affected the 
structure of the modification solution, that would change its catalytic effect and would 
diminish the catalytic enhancement towards H2O2. 
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Figure 6.10. Measurements of H2O2 at –0.1 V (vs Ag/AgCl) in PBS pH 6.8 using the 
DBSA/KCl modified Ag SPEs (a) by dip-coating (n = 10) or (b) by inkjet printing 
(n = 8).  
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Regarding the variability of the modification methods, both techniques exhibited 
similar relative reproducibility in the measurements, with improved data at higher H2O2 
concentrations. Thus, the variability in the cathodic currents found in the presence of 
1·10-3 M H2O2 were 17% and 13% for the inkjet printing and dip-coating method, 
respectively, whereas the reproducibility increased up to 10% in both cases at 5·10-3 M 
H2O2. However, comparing % error, the lower signals achieved by the inkjet printed 
sensor were not taking into account, as will be commented on below. 
 
Table 6.2. Statistical data corresponding to the catalytic activity to H2O2 reduction 
of DBSA/KCl modified Ag SPEs by inkjet printing and dip-coating. 
INKJET PRINTING DIP-COATING 
[H2O2] / 
mM 
icat (avrg) / 
A 
Stand dev 
 
% error icat (avrg) / 
A 
Stand dev 
 
% error 
1 3.5·10-6 0.6·10-6 17 5.6·10-6 0.7·10-6 13 
2 9.7·10-6 1.2·10-6 12 1.49·10-5 1.4·10-6 9 
3 1.61·10-5 1.4·10-6 9 2.55·10-5 2.5·10-6 10 
4 2.42·10-5 1.9·10-6 8 3.58·10-5 3.4·10-6 9 
5 2.79·10-5 2.8·10-6 10 4.64·10-5 4.7·10-6 10 
 
 
These reproducibility and sensitivity values were in line with data reported in the 
literature for other enzyme-modified screen printed electrodes for the detection of H2O2.  
Thus, Li et al.22 developed a disposable amperometric H2O2 biosensor based on carbon 
screen-printed electrodes and horseradish peroxidase (HRP) entrapped in a polypyrrole 
film deposited on the surface. The biosensor showed a sensitivity of 3.324·10-2 AM-1cm-
2
 and a reproducibility of 10.24% r.s.d. (n = 5). Improved analytical parameters were 
obtained with other screen printed based H2O2 sensors. Ricci et al.23 employed a PB 
modified carbon screen printed electrode to detect H2O2 at an applied potential of –0.05 
V (vs an internal screen printed Ag pseudoreference electrode). The electrode provided a 
sensitivity of 0.234 AM-1cm-2 and a LOD of 10-7 M, and the r.s.d. was up to 5% (n = 6). 
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The modified screen printed electrodes were then used as a platform for the 
immobilization of enzymes such as glucose oxidase or choline oxidase. Xu et al.24 
described the fabrication of a disposable H2O2 biosensor by the immobilization of HRP 
on a colloidal gold modified carbon screen printed electrodes. The biosensor exhibited a 
sensitivity of 0.307 AM-1cm-2 and r.s.d. of 2.7 and 2.3% (n = 10) at 8 and 20·10-6 M 
H2O2, respectively. Higher sensitivities were obtained by PB modified Au and Pt screen 
printed electrodes. De Mattos et al.25 reported the development of amperometric sensors 
selective for H2O2 detection by galvanostatically depositing a PB film on both Au and Pt 
screen printed electrodes. The sensors displayed sensitivities towards H2O2 of 1 and 2 
AM-1cm-2 for the Pt and Au based electrodes, respectively. The sensors were 
subsequently employed for the construction of glucose biosensors by crystallised GOx 
immobilization in a Nafion membrane. Although slightly lower, the reproducibility of 
the H2O2 sensors created by dip-coated or inkjet printed DBSA/KCl modification of Ag 
SPEs seems to be in the same range than other systems found in the literature. Although 
the inkjet printing process did not necessarily improve the reproducibility, it did not 
make it worse. Therefore, the issue of the reproducibility may be as a result of the 
electrode surface. During the dip-coating technique, the process is homogeneous so it 
may be the heterogeneity of the electrode surface that is the underlying cause of the 
response variability. On the other side, the surfactant-based sensor developed here does 
not require expensive noble metals or enzymatic systems that hinder its mass production 
application. Therefore, addressing the reproducibility issue would lead to the 
development of a competitive H2O2 to be introduced in the market. 
Fig. 6.11 shows the steady state background currents from electrodes prepared with 
either inkjet printing or dip-coating. The dip-coated modified electrodes displayed 
higher background currents than the electrodes modified by inkjet printing, which was in 
agreement with the greater catalytic activity towards H2O2 previously exhibited by the 
former. Thus, the average baseline current calculated for the inkjet printed modified 
electrodes was 1.07·10-6 A whereas the dip-coated modified electrodes showed 1.88·10-6 
A. However, the inkjet printing technique resulted in much better inter-electrode 
variability in the steady state background currents, being 2.5% (r.s.d.), as compared to 
dip-coating which was 17% (r.s.d.). These data suggest that, while inkjet printing did not 
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lead to higher overall catalytic responses, it did lead to more reproducible DBSA/KCl 
modification on the Ag SPEs, and that the residual variability in the sensor devices is 
due to the inherent variability of the silver surface upon which the electrocatalytic 
response is dependent.  
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Figure 6.11. Plot of steady state background current vs electrode number obtained 
during amperometric measurements of Ag SPEs at –0.1 V (vs Ag/AgCl) in PBS pH 
6.8. The electrodes were modified with 3.3·10-2 M DBSA/ 0.1 M KCl solution: (•) by 
dip-coating or () by inkjet printing technique.  
 
 
Table 6.3 shows the signal-to-background (S/B) data calculated from the catalytic 
response data in Table 6.2 and the average background currents observed for both set of 
modified electrodes (dip-coated and inkjet printed) in Fig. 6.11. These data showed that 
although the absolute cathodic currents obtained by the dip-coated modified electrodes 
were higher than those from the inkjet printed electrodes, S/B levels were slightly better 
in the case of the inkjet-printed electrodes. The fact that the steady-state background 
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current was lower and more reproducible for the inkjet-printed electrodes means greater 
precision and lower achievable limits of detection.  
 
Table 6.3. Signal to background (S/B) data corresponding to the catalytic activity to 
H2O2 reduction of DBSA/KCl modified Ag SPEs by inkjet printing and dip-coating. 
INKJET PRINTING DIP-COATING 
[H2O2] / 
mM 
icat (avrg) / 
A 
S/B 
 
icat (avrg) / 
A 
S/B 
 
1 3.5·10-6 3.3 5.6·10-6 3.0 
2 9.7·10-6 9.1 1.49·10-5 7.9 
3 1.61·10-5 15.1 2.55·10-5 13.6 
4 2.42·10-5 22.6 3.58·10-5 19 
5 2.79·10-5 26.1 4.64·10-5 24.7 
 
 
A plot of the sensitivity of each electrode towards H2O2 reduction versus the 
background current was also performed and is shown in Fig. 6.12. Electrodes modified 
by dip-coating presented a linear correlation between the sensitivity to H2O2 reduction 
and the baseline current. In the case of the dip-coated electrodes, higher steady state 
background currents clearly correlated with higher levels of H2O2 reduction. Thus, 
sensitivity increased from 7.2·10-2 to 9.4·10-2 AM-1cm-2 when the baseline current ranged 
from 1.34·10-6 to 2.70·10-6 A. Unlike dip-coating, inkjet printed electrodes did not show 
any remarkable correlation between these parameters.  
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Figure 6.12. Plot of sensitivity vs steady state background (baseline) current 
obtained during amperometric measurements of Ag SPEs at –0.1 V (vs Ag/AgCl) in 
PBS pH 6.8, at H2O2 concentration from 1 to 5·10-3 M. The electrodes were 
modified with 3.3·10-2 M DBSA/ 0.1 M KCl solution: (•) by dip-coating or () by 
inkjet printing technique.  
 
 
In order to further understand the distinct behaviours of the DBSA/KCl modified Ag 
SPEs treated either by dip-coating or inkjet printing, surface characterization of the 
electrodes was performed. Scanning electron micrographs of Ag SPEs modified by both 
techniques, before and after H2O2 sensing were carried out and are shown in Fig. 6.13. 
The spheroidal structures observed on electrode surfaces following DBSA/KCl 
modification by dip-coating were not clearly evident on the electrode surfaces modified 
by inkjet printing, as can be seen comparing Fig. 6.13B and 6.13C. At first, Ag SPEs 
modified by inkjet printing exhibited electrode surfaces analogous to the unmodified 
electrode, as is observed in Fig. 6.13A and 6.13B. Moreover, the morphology of the 
spheroidal structures appeared to change following the H2O2 sensing process, as is 
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shown in Fig. 6.13E and was previously reported in Chapter 3. Such variation in the 
structures was then explained by a possible interaction between H2O2 and the structures 
during the reduction process. Comparing Fig. 6.13B and 6.13D, electrodes modified by 
inkjet printing did not present any apparent change after H2O2 catalysis. However, they 
still showed a noticeable enhancement on H2O2 reduction with respect to the unmodified 
Ag SPEs. Two possible phenomena might explain such different surface characteristics 
and catalytic activities of the inkjet printed modified electrodes: the volume of 
DBSA/KCl that the surface is actually exposed to; and the deposition technique itself. 
Although the previous voltage study suggested that increasing the voltage did not make 
catalysis worse, maybe catalysis was already impacted even at low voltages. On the 
other hand, the driving force of the modification adsorption process may still not be as 
effective when performed in smaller volumes. Therefore, it might be assumed that the 
phenomenon is not different, but more limited and harder to visualize when DBSA/KCl 
is deposited by inkjet printing.  
The difference on both modifications might be explained in terms of possible 
damage or break-down of the hexagonal or lamellar structures formed in the surfactant-
based solution and that were considered to be the responsible of the catalytic effect on 
H2O2 observed after DBSA/KCl treatment. However, as the cathodic responses and the 
sensitivities of the inkjet printed modified electrodes were only 1.6-fold lower than those 
exhibited by the electrodes following dip-coating procedure, and appear to result in 
improved electrode reproducibility, the former method might be yet feasible for further 
studies. Inkjet printing will be applied as a technique to modify Ag SPEs, which 
subsequently will be used as platforms for the fabrication of glucose biosensors. 
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Figure 6.13. SEM images using secondary electron (SE) detection of Ag SPEs (A) 
unmodified; (B) DBSA/KCl modified by inkjet printed, before H2O2; (C) 
DBSA/KCl modified by dip-coating, before H2O2; (D) DBSA/KCl modified by 
inkjet printed, after electrochemical reduction of 5·10-3 M H2O2 and (E) DBSA/KCl 
modified by dip-coating, after electrochemical reduction of 5·10-3 M H2O2. 
Accelerating voltage of 20 kV. (5.0k x magnification). 
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6.2.3. Application of the inkjet printed DBSA/KCl modified Ag SPEs to the 
fabrication of a glucose biosensor  
 
A glucose biosensor was fabricated using the inkjet printed DBSA/KCl modified Ag 
SPE as a platform for the GOx attachment. Five prints of freshly prepared DBSA/KCl 
solution were inkjet printed at 16 V on a Ag SPE and subsequently the electrode was 
washed thoroughly with distilled water. GOx was then immobilized onto the electrode 
surface following the standard protocol established in Chapter 5. Briefly, the electrode 
was immersed in a 2% CA solution in acetone for 1 min and then rinsed with distilled 
water, 20 min immersion in 5% HMDA aqueous solution followed by 20 min immersion 
in 2.5% GA aqueous solution were then before being transferred to a 25 mg/ml GOx 
solution in PBS pH 5 overnight. Amperometry at –0.1 V (vs Ag/AgCl) in PBS, pH 6.8 
was performed in the presence of glucose from 1 to 8·10-3 M. In order to assess the 
catalytic activity of the biosensor towards H2O2 following GOx immobilization, 1·10-3 
M H2O2 was added to the cell. Fig. 6.14 shows the amperometric responses of the inkjet 
printed and dip-coated electrodes to glucose. The cathodic responses exhibited by the 
electrodes modified by dip-coating were higher than those shown by the inkjet printed 
modified ones at low glucose concentrations. For example, 1.77·10-7 A was the 
reduction current obtained by a dip-coated modified electrode in the presence of 2·10-3 
M glucose whereas the cathodic current shown by an inkjet printed modified one was 
1.35·10-7 A. However, from 4·10-3 M glucose concentration and on electrodes modified 
by inkjet printed provided greater catalytic responses for glucose determination and that 
difference increased with the concentration. Thus, the cathodic currents for an inkjet 
printed and a dip-coated modified electrodes in the presence of 5·10-3 M glucose were 
5.57·10-7 A and 4.77·10-7 A, respectively, whereas at 8·10-3 M glucose the reductions 
currents were 9.76·10-7 A and 7.23·10-7 A, respectively. Therefore, inkjet printed 
modified electrode showed better total responses to glucose than dip-coated modified 
electrodes in this case.   
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Figure 6.14. Amperometric responses of Ag/ DBSA/KCl/ CA/ GOx electrodes 
measured at –0.1 V (vs Ag/AgCl) in PBS pH 6.8, where DBSA/KCl modification 
was performed by (a) inkjet printing or (b) dip-coating. Glucose concentration 
ranges (a) from 1 to 8·10-3 M or (b) from 1 to 10·10-3 M. At the end, H2O2 (1·10-3 M) 
was added to the solution. 
 
 
Catalytic responses corresponding to dip-coated modified electrodes seemed to reach 
saturation currents at lower glucose concentration than the electrodes modified by inkjet 
printing. That would explain the decrease observed in the cathodic responses of dip-
coated modified electrodes respect to the inkjet printed ones as glucose concentration in 
the bulk increased. As was seen in Chapter 5, the dip-coated modified electrodes 
provided linear catalytic responses in the glucose concentration range from 0.4 to 4·10-3 
M. However, when higher glucose concentrations were added to the bulk solution, 
saturated responses were achieved for glucose concentrations above 6·10-3 M. Unlike 
dip-coating, inkjet printing led to biosensors with broader range of linear catalytic 
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responses, up to 8·10-3 M as minimum. The normal range of blood glucose concentration 
varies from 4.4 to 6.6·10-3 M whereas diabetic people presented concentrations higher or 
lower than that.26 Therefore, using inkjet printing for DBSA/KCl modification brought 
about a remarkable improvement in the linearity of the biosensor response and the 
subsequent device application for blood glucose determination. 
A reproducibility study of the glucose biosensors fabricated by inkjet printing was 
performed (n=6). DBSA/KCl modification solution was deposited simultaneously onto 
Ag SPEs using the established inkjet printing methodology. After rinsing thoroughly, 
GOx was immobilized following the established standard protocol.  
 
Tabla 6.4. Statistical data for the glucose biosensors based on DBSA/KCl inkjet 
printed modification (n=6). 
[Glucose] / 
mM 
icat (average) / 
A 
Standard 
deviation 
% error 
1 2.5·10-8 0.7·10-8 28 
2 6.7·10-8 2.5·10-8 37 
3 1.40·10-7 3.6·10-8 26 
4 2.28·10-7 4.8·10-8 21 
5 3.23·10-7 6.6·10-8 20 
6 4.15·10-7 7.8·10-8 19 
7 5.12·10-7 9.0·10-8 18 
8 6.01·10-7 9.7·10-8 16 
 
 
Amperometry at –0.1 V (vs Ag/AgCl) in PBS, pH 6.8 was carried out. Final glucose 
concentrations in the bulk ranged from 1 to 8·10-3 M. After that, H2O2 was added to the 
solution as a reference to H2O2 concentration of 1·10-3 M. Plots of the cathodic currents 
versus glucose concentration were performed and the values were fitted to regression 
lines. Analytical parameters such as LOD and sensitivity were calculated from those 
regression lines and compared to those provided by electrodes based on dip-coated 
DBSA/KCl modification. Table 6.4 and Fig. 6.15 show the averages of the cathodic 
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currents and the standard deviation obtained for the six modified electrodes. Current data 
corresponding to 1·10-3 M glucose were not considered for the regression line. 
 
[Glucose] / mM
0 2 4 6 8
i /
 
A
-2e-7
0
2e-7
4e-7
6e-7
8e-7
 
 
Figure 6.15. Measurements of glucose using the Ag/ DBSA/KCl/ CA/ GOx 
electrodes (n=6) at –0.1 V (vs Ag/AgCl) in PBS pH 6.8. DBSA/KCl modification was 
performed by inkjet printing. (slope = 9.05·10-8 AmM-1; sensitivity = 7.2·10-4 AM-
1cm-2). 
 
 
The LOD of the inkjet printed glucose biosensor was found to be 1.55·10-4 M, with a 
5% r.s.d. This was slightly higher than that obtained in Chapter 5 for the biosensor 
fabricated using dip-coating and drop-casting, being 8.9·10-5 M (22% r.s.d), although 
both values were in the same order of magnitude and the reproducibility was better for 
the inkjet printing modified sensor. Regarding sensitivity, biosensors based on the inkjet 
printed sensor provided an average sensitivity of 7·10-4 AM-1cm-2, with a 30% r.s.d., 
whereas the value obtained by the dip-coated modified electrodes was 1.2·10-3 AM-1cm-
2
, with a 17% r.s.d.. These LOD and sensitivity values were similar to those found in the 
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literature for other glucose biosensors. For example, Crouch et al.27 reported the 
fabrication of an amperometric glucose biosensor by screen-printing of a water-based 
carbon ink containing GOx and cobalt phthalocyanine (CoPC). The latter was used as an 
electrocatalyst for the electrochemical oxidation of H2O2 at approx. 0.55 V (vs 
Ag/AgCl). The sensitivity of the biosensor was found to be 1.3·10-2 AM-1cm-2, with a 
LOD of  2.5·10-5 M. The resulting device was evaluated in commercially available 
samples of bovine serum providing a variability of 3.3% (n = 6). Chiu et al.28 developed 
a glucose sensing electrode based on a poly(4,5-ehylenedioxythiophene)(PEDOT)/PB 
bilayer modification of a carbon screen printed electrode. The PB layer was 
electrodeposited first for H2O2 determination whereas the PEDOT layer was 
electrodeposited to entrap GOx. The biosensor showed a reproducibility of 2.54% 
(r.s.d.) and a sensitivity of 2.67·10-3 AM-1cm-2, which was further improved by the 
incorporation of multi-walled carbon nanotubes before PB film deposition. Ricci et al.29 
produced planar glucose biosensors based on the PB modification of carbon screen 
printed electrodes and subsequent GOx immobilization by cross-linking employing 
glutaraldehyde and Nafion. The device was tested in a continuous flow system at low 
applied potentials (ca. 0 V vs Ag/AgCl), displaying a sensitivity of 5.4·10-2 AM-1cm-2 
and a LOD of 2.5·10-5 M whereas the reproducibility was approx. 7% (n = 5). Therefore, 
the analytical parameters corresponding to inkjet printed DBSA/KCl modified 
biosensors were to some extent poorer than those obtained by the all dip-coated 
modified devices but still in the same order of magnitude.  
As can be also observed, the glucose biosensors possessed significant inter-electrode 
variability, which decreased when the glucose concentration in the bulk increased. This 
phenomenon was already reported in Chapter 5 for the dip-coated modified electrodes. 
A possible explanation was that the electrodes did not reach the complete steady state 
background before glucose was added to the bulk. Therefore, initial glucose additions 
provided higher variability as the electrodes were not at the same stage. After a period of 
time, when more glucose aliquots were added to the solution, similar responses were 
exhibited by the electrodes. Another explanation may be related with an 
instrumental/experimental issue. The cathodic currents registered at low glucose 
concentrations are very low (in the order of 10-8 A) and they might be at the limit of the 
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precision of the instrument, so precision would be proportionately worse at these current 
levels. 
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Figure 6.16. Normalized data for the measurement of glucose using the Ag/ 
DBSA/KCl/ CA/ GOx electrodes (n=6) at –0.1 V (vs Ag/AgCl) in PBS pH 6.8. 
DBSA/KCl modification was carried out by inkjet printing (slope = 3.86·10-2 mM-1). 
 
 
The reproducibility data observed for the biosensors based on inkjet printed 
DBSA/KCl Ag SPEs were very poor showing around 16-30% r.s.d. across the whole 
range of glucose concentrations.  However, the reproducibility data provided here were 
similar to those obtained by the all dip-coated modified electrodes at analogous glucose 
concentrations in the previous chapter. It was also observed in Chapter 5 that the inter-
electrode variability decreased when the cathodic currents for glucose sensing were 
normalized with respect to the reduction current obtained in the presence of 1·10-3 M 
H2O2. As was previously highlighted, the biosensors developed in the present work were 
based on H2O2 detection released after the enzymatic reaction of GOx and glucose in the 
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presence of oxygen. Hence, the sensitivity of the electrode towards H2O2 reduction 
might affect its sensitivity to glucose determination.  
Fig. 6.16 and Table 6.5 show the averages of the cathodic currents and the standard 
deviation for the normalized data. Current data corresponding to 1 and 2·10-3 M glucose 
were not considered for the regression line. A significant increase in the reproducibility 
can be observed with respect to data in Table 6.3. As was previously mentioned in 
Chapter 5, the notable improvement in the reproducibility after normalization might 
indicate that changes in DBSA/KCl modification contributed to a large extent to the 
variability of the biosensors. Regarding the all dip-coated modified biosensors studied in 
Chapter 5, inkjet printed modified electrodes showed higher variability than the former 
for similar concentrations. Thus, variability observed by the inkjet printed modified 
electrodes was 23 and 17% r.s.d. at 2 and 4·10-3 M, respectively, whereas the all dip-
coated modified electrodes showed 17 and 7% r.s.d., respectively, for the same 
concentrations. However, there was no improvement at the low concentration range, 
which may again suggest an instrumental issue and limit of precision on the 
methodology. 
 
Table 6.5. Statistically normalized data for the glucose biosensors based on 
DBSA/KCl inkjet printed modification. 
[Glucose] / 
mM 
icat normalized(average) / 
A 
Standard 
deviation 
% error 
1 1.04·10-2 3.1·10-3 30 
2 3.08·10-2 7.1·10-3 23 
3 6.07·10-2 1.19·10-2 20 
4 9.66·10-2 1.60·10-2 17 
5 1.365·10-1 1.83·10-2 13 
6 1.747·10-1 2.04·10-2 12 
7 2.141·10-1 2.22·10-2 10 
8 2.529·10-1 2.39·10-2 9 
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The all dip-coated electrodes were assessed in the range of 0.4 to 4·10-3 M glucose 
because the cathodic currents seemed to reach a saturated value at higher glucose 
concentrations. Hence, higher variability was showed at lower concentrations (0.4 to 
1.2·10-3 M) whereas at 2 or 4·10-3 M the variability was much lower. However, the inkjet 
printed modified electrodes measured glucose concentrations ranged from 1 to 8·10-3 M, 
so high variability was still shown at 2 or 4·10-3 M. That might explain the difference in 
reproducibility between the two sets of electrodes. 
An intra-electrode reproducibility study was also performed for the glucose 
biosensor. A single Ag SPE was modified following the established standard protocol 
and then measured six consecutive times in PBS pH 6.8 in the presence of 1 to 8·10-3 M 
glucose. The cathodic currents from the amperometric curves at 1 to 8·10-3 M glucose 
concentration and 1·10-3 M H2O2 are shown in Table 6.6.  
 
Table 6.6. Cathodic currents of a glucose biosensor based on DBSA/KCl inkjet 
printed modification (Intra-electrode reproducibility study) 
[Glucose] / 
mM 
Rep1a 
icat / A 
Rep2 
icat / A 
Rep3 
icat / A 
Rep4 
icat / A 
Rep5 
icat / A 
Rep6 
icat / A 
1 3.6·10-8 4.0·10-8 4.2·10-8 4.6·10-8 2.2·10-8 3.7·10-8 
2 1.09·10-7 1.21·10-7 1.13·10-7 1.20·10-7 6.1·10-8 7.7·10-8 
3 2.12·10-7 2.29·10-7 2.14·10-7 2.42·10-7 1.23·10-7 1.44·10-7 
4 3.29·10-7 3.54·10-7 3.39·10-7 3.66·10-7 1.95·10-7 2.14·10-7 
5 4.45·10-7 4.86·10-7 4.58·10-7 4.92·10-7 2.70·10-7 2.98·10-7 
6 5.45·10-7 6.07·10-7 5.65·10-7 6.01·10-7 3.38·10-7 3.71·10-7 
7 6.36·10-7 7.12·10-7 6.64·10-7 6.74·10-7 3.95·10-7 4.37·10-7 
8 6.98·10-7 7.96·10-7 7.32·10-7 -- 4.41·10-7 4.94·10-7 
1mM H2O2 3.160·10-6 3.500·10-6 3.311·10-6 -- 2.655·10-6 2.753·10-6 
a
 Rep=repeat number. 
 
 
As can be observed, the cathodic currents from the first four repetitions were quite 
alike, providing approx. 5% r.s.d. However, after repetition 5 (Rep5), the biosensor 
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underwent an approx. 40% loss of sensing activity towards glucose determination. That 
decrease in the catalytic activity was also exhibited with respect to H2O2 reduction, with 
an approx. 20% loss from Rep5. The difference in activity loss with respect to glucose 
sensing might be attributable to a partial inactivation or loss of the enzyme immobilized 
onto the electrodes. 
In summary, DBSA/KCl treatment of Ag SPEs using inkjet printing resulted in an 
effective procedure for electrode modification, resulting in glucose biosensors with more 
reproducible steady state background currents and comparability in glucose 
measurement compared to the dip-coated modified electrodes. LOD and sensitivity were 
lower but in the same order of magnitude than those obtained by the dip-coating method.  
 
 
6.3. CONCLUSIONS 
 
The application of inkjet printing for the deposition of DBSA/KCl modification 
solution onto Ag SPEs has been studied. The catalytic activity of the so-formed 
electrodes towards H2O2 reduction was assessed and compared to that displayed by dip-
coated DBSA/KCl modified electrodes. Optimal printing parameters such as volume 
ejected, DBSA and KCl concentrations in the solution and nozzle voltage were defined, 
being 5 prints (1.0·10-8 l), 3.3·10-2 M DBSA/ 0.1 M KCl modification solution and 16 V 
nozzle voltage. Inkjet printing turned out to be a suitable technique for the deposition of 
the surfactant/salt solution, leading to cathodic currents only marginally lower than those 
shown by the dip-coated modified electrodes, whereas the modification time was 
remarkably reduced. Similar reproducibility data where shown by the electrodes 
modified by both techniques (approx. 10%), although the inkjet-printed modification 
resulted in lower and more reproducible background currents. SEM images of the inkjet 
printed modified electrode surfaces did not show the same observable spheroidal 
structures analogous to those observed on dip-coated modified electrodes and considered 
responsible of the H2O2 catalytic process, although electrochemical evidence suggests 
surface modification has certainly taken place. The possibility of a potentially negative 
impact of the voltage applied during the printing process, together with the smaller 
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volumes of modification solution in contact with the electrode surface may explain these 
differences.  
Inkjet-printed DBSA/KCl modified electrodes were subsequently used as a platform 
for GOx immobilization, following the standard protocol established in Chapter 5. A 
LOD of 1.55·10-4 M and sensitivity of 7·10-4 AM-1cm-2 were obtained. These values 
were only 1.7-fold lower than those obtained with the dip-coated modified electrodes. 
After normalization, inkjet printed modified biosensors presented inter-electrode 
variability higher than that shown by the dip-coated modified electrodes. However, the 
former permitted measurement of a wider glucose concentration range of measurements 
(1 to 8·10-3 M) prior to saturation current was achieved.  
To sum up, inkjet printing resulted in a feasible technique for DBSA/KCl 
modification of Ag SPEs, providing H2O2 sensor and subsequent glucose biosensors 
with analogous characteristics than those fabricated by dip-coating. Further studies 
should be performed to provide an all-inkjet printed glucose biosensor amenable for 
mass production.  
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7.1. FURTHER UNDERSTANDING OF AND IMPROVEMENTS TO THE 
HYDROGEN PEROXIDE ELECTROCATALYST (CHAPTERS 3 & 4) 
 
The development of a H2O2 electrocatalyst based on the DBSA/KCl modification of 
Ag SPEs has brought about several advantages compared to other devices existing in the 
literature, such as fabrication simplicity, the absence of biological substrates (proteins, 
enzymes) and the cost effectiveness of the involved materials. However, as was 
observed in previous chapters, the sensitivity and reproducibility of the so-formed H2O2 
sensors might still not be the appropriate for its introduction in the mass production 
market. In order to improve those parameters and create a more competitive sensor for 
the sensitive direct detection of H2O2, a more intensive study of the electrocatalytic 
characteristics of the material will be developed. As was seen above, the surfactant/salt-
based modification of the Ag SPEs led to changes on the electrode surface together with 
the formation of small spheroidal structures made principally of Ag and Cl (data from 
the structural analysis). Both phenomena were related to the enhancement in the H2O2 
catalytic activity observed on the electrodes after exposure to DBSA/KCl solutions. In 
order to improve the analytical parameters of the H2O2 sensors as well as try to 
understand the basic mechanism behind the modification, further improvements will be 
performed. It was clear from this work that a significant underlying limitation of the 
electrode’s performance is its inherent variability and sensitivity which is believed to 
relate directly to the ill-defined and disordered nature of the silver paste electrode 
material. Any improvement in performance must investigate this matter. For example, 
the fabrication of nanostructured Ag SPEs with an enhanced homogeneity of the metal 
particles will be achieved by the fabrication of customized Ag inks. These inks will be 
created by mixing previously created Ag nanoparticles (Ag NPs) and other ingredients 
such as binders, solvents, surfactants and salts in optimized ratios to provide higher and 
more reproducible responses to H2O2. The use of a pre-formed nanostructured material 
might homogenise surface behaviour, result in benefits from surface area enhancements, 
decrease the background noise and increase the magnitude and reproducibility of the 
cathodic responses. These inks will be characterized by surface analysis techniques, such 
as SEM, EDX, XPS and TEM and they will be related to the catalytic properties of the 
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materials by cyclic voltammetry, amperometry and impedance spectroscopy. The 
improved system will be used not only for the development of biosensors but also for the 
measurement of H2O2 in industrial process water and wastewater.  
The exact mechanism of the catalysis and the role of all the materials involved in the 
process also need further elucidation. The involvement of other components of the silver 
paste such as binder needs to be clarified and the type of surface structures formed at the 
electrode after surfactant/salt modification need to be determined, possibly through x-ray 
scattering techniques. Also, a greater understanding of the thermodynamics of the 
process and the reaction route that is used needs to be established. A more complete 
understanding of the materials and mechanisms involved may lead to the identification 
of other hybrid organic/inorganic materials with similar heterogeneous catalytic and 
electrocatalytic properties. 
Other enhancements can also be envisaged using the surfactant/salt modification, 
particularly in combination with precision deposition techniques such as ink jet printing. 
For example, ink jet printing could be used to create effective microcatalytic electrode 
arrays in which isolated droplets of surfactant/salt create catalytic microelectrode islands 
which will benefit from semi-infinite radial diffusion. This will benefit from classical 
microelectrode array behaviours including improved signal-to-background responses. 
 
 
7.2. ALTERNATIVE IMMOBILIZATION STRATEGIES FOR THE 
DEVELOPMENT OF AN AMPEROMETRIC GLUCOSE BIOSENSOR 
(CHAPTER 5) 
 
The catalytic enhancement towards H2O2 reduction of DBSA/KCl modified Ag SPEs 
was exploited in Chapter 5 for the development of an electrochemical glucose biosensor. 
After several attempts, GOx was covalently immobilized onto the electrodes after the 
deposition of a cellulose acetate (CA) layer, which both isolated the DBSA/KCl 
modification from the negative effect of the enzymatic reaction and was used as a 
platform for GOx attachment. The standard protocol adopted in that section for GOx 
immobilization involved the use of glutaraldehyde (GA) and hexamethylenediamine 
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(HMDA), which did not seem to hinder the electrochemical glucose detection. However, 
the deposition of the CA layer brought about additional problems. The solvents used to 
dissolved CA (glacial acetic acid and acetone) showed to induce damage to the electrode 
surface that led to a significant decrease in the amperometric H2O2 responses of the 
sensors as well as an increase in the variability of the measurements.  
The use of less aggressive techniques for the enzyme immobilization process 
particularly regarding the membrane layer may lead to a significant improvement in the 
biosensor characteristics as the glucose determination is directly related to the catalytic 
response of the device to H2O2.1 For example, Nafion and chitosan were also evaluated 
in Chapter 5 as possible separation membranes taking into account the residual catalytic 
response to H2O2 of the modified electrodes after their deposition. At that stage, CA was 
chosen because it showed the highest retention of activity (93%), but the other two 
membranes also exhibited good retention of catalysis after their deposition (75% and 
81% for chitosan and Nafion, respectively). Moreover, solvents used during the 
preparation of chitosan and Nafion solutions were diluted acetic acid (0.8% v/v) and a 
mixture of lower aliphatic alcohols and water, respectively. These solvents seem to be 
less damaging than the glacial acetic acid and acetone used for CA. Also, there are many 
other examples in the literature using chitosan2, 3 or Nafion4, 5 as membranes for enzyme 
deposition and many other strategies for enzyme deposition apart from covalent 
attachment. Therefore, chitosan or Nafion will be tested as membranes for GOx 
deposition and other methods such as entrapment in a matrix or cross-linking with GA 
will be assessed for GOx immobilization. 
Alternatively, a non-covalent immobilisation strategy could be investigated, 
depending on the final application of the biosensor. For instance, single use, electrode 
strips have a very small sample volume (microlitres) and so dilution of non-covalently 
deposited enzyme into the bulk is not significant and so can avoid the need to attach to 
the surface. 
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 7.3. GLUCOSE OXIDASE DEPOSITION BY INKJET PRINTING: 
TOWARDS AN ALL-PRINTED GLUCOSE BIOSENSOR (CHAPTER 6) 
 
Chapter 6 showed that inkjet printing could be a powerful fabrication technique for 
biosensor fabrication. However, it was not fully exploited in this work and could be 
utilised further. 
Once a glucose biosensor had been created by drop-coating, inkjet printing was used 
to improve the reproducibility of material deposition as well as decrease the fabrication 
time. Chapter 6 reported the DBSA/KCl modification process of Ag SPEs by inkjet 
printing and compared the resulting H2O2 sensors to those generated by dip-coating. 
Several optimization steps led to the construction of an inkjet printed H2O2 sensor with 
analogous analytical characteristics to those from the dip-coated sensor.  In order to 
further optimise the glucose biosensing device, an attempt at GOx deposition by inkjet 
printing was carried out. 
As was mentioned in Chapter 6, the inkjet printing technique has already been 
applied to enzyme deposition during the biosensor fabrication process. In order to 
evaluate enzyme (protein) concentrations in solution after the printing process, the 
bicinchoninic acid (BCA) assay was used. Basically, the BCA assay is based on the 
formation of a Cu2+ -protein complex under alkaline conditions, followed by reduction 
of the Cu2+ to Cu1+. Cysteine, cystine, tryptophan, tyrosine and the peptide bond are able 
to reduce Cu2+ to Cu1+, being the amount of reduction proportional to protein present. 
BCA forms a purple-blue complex with Cu1+ in alkaline solution, thus providing a basis 
to monitor the reduction of alkaline Cu2+ by proteins and to calculate the amount of 
protein in solution.6 1 mg/ml solution of GOx in PBS pH 5 was inkjet printed at 16 V 
onto a PET substrate and the ejected solution was transferred to an eppendorf vial for the 
BCA assay. After the incubation time, UV measurements of the samples were carried 
out and GOx concentrations in solution were calculated by using the previously 
established calibration curve of the system. Data for the theoretical and calculated GOx 
concentrations of five samples are shown in Table 7.1. Except for in the case of sample 
1, more than 70% of the enzyme was found in solution after the printing process. 
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Tabla 7.1. Data from BCA assay to calculate [GOx] in solution after inkjet printing 
process. 
Tube no. 1 2 3 4 5 
C(GOx)theor / µgml-1 2.50 2.50 2.50 2.50 3.75 
C(GOx)calc / µgml-1 1.54 1.84 2.41 1.85 3.52 
% GOx after IJPa 62 74 96 74 94 
a
 Inkjet Printing 
 
 
GOx solution was then inkjet printed onto DBSA/KCl modified Ag SPEs and the 
catalytic responses of the so-formed biosensors were evaluated by amperometry. Several 
GOx concentrations (1 to 25 mg/ml) and solution amounts (1 to 10 prints) were 
evaluated but invalid or poor responses towards glucose determination were acquired. 
The best catalytic response was observed after 5 prints of 5 mg/ml GOx solution. 
Comparison of the cathodic currents of two glucose biosensors fabricated by inkjet 
printing and dip-coating, respectively, are shown in Fig. 7.1. DBSA/KCl modification 
was performed by dip-coating in both cases. As can be observed, the steady state 
background for the inkjet printed modified electrode was higher than that from the dip-
coated one. This might be explained by a thicker layer of enzyme deposited onto the 
electrodes, which would increase the non-faradaic current. With regard to the catalytic 
activity, electrodes modified by inkjet printed GOx seemed to provide higher responses 
in the presence of glucose, although the cathodic current reached a saturation value 
faster than GOx dip-coated modified electrodes. Thus, the reduction current displayed 
by the former in the presence of 5·10-3 M glucose was 2.07·10-7 A whereas the current 
provided by the latter was 6.4·10-8 A. However, electrodes modified by inkjet-printed 
GOx seemed to become saturated at 4·10-3 M glucose and above whereas the dip-coated 
modified biosensor displayed a stable response until glucose concentration in the bulk 
was 10·10-3 M. That could be justified by the diverse conformations that the enzyme 
would present on the electrode surface due to the different deposition methods. The 
catalytic responses of these systems were lower than that provided by the optimized all 
dip-coated device, where approx. 7.5·10-7 A were obtained in the presence of 5·10-3 M 
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glucose. Higher GOx concentrations in the solution to be printed did lead to higher but 
very slow cathodic responses, maybe due to the higher thickness of the GOx layer 
deposited on the electrode surface.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1. Amperometric responses of Ag/ DBSA/KCl/ CA/ GOx electrodes 
measured at –0.1 V (vs Ag/AgCl) in PBS pH 6.8, where 5 mg/ml GOx in PBS pH 5 
solution was deposited by (a) inkjet printing or (b) dip-coating. Glucose 
concentration ranges (a) from 1 to 5·10-3 M or (b) from 1 to 10·10-3 M.  
 
 
Therefore, initial attempts of using inkjet printing to deposit the enzyme have led to 
positive results, although further studies must be performed to improve the enzyme 
behaviour after immobilization. GOx was inkjet printed and enzyme concentration after 
the process was evaluated, providing an average of 70% recovery. Glucose biosensors 
fabricated by enzyme inkjet printing seemed to provide higher catalytic responses than 
those created by dip-coating, although the former reached saturations values at lower 
glucose concentrations. 
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7.4. OTHER APPLICATIONS 
 
7.4.1. Other enzyme biosensors 
 
As was mentioned in Chapter 1, H2O2 is the by-product of many enzymatic reactions 
and its concentration may be used as an indicator of the progress of a reaction or for the 
analytical determination of a certain substrate.7  
Recently, there has been an increasing concern about the determination of 
cholesterol levels in blood as abnormal levels are directly related to clinical disorders 
such as hypertension, heart disease, arteriosclerosis, cerebral thrombosis, etc. In the 
fabrication of a cholesterol biosensor, the enzyme cholesterol oxidase (ChOx) is most 
commonly used as the biosensing element.8 ChOx catalyzed the oxidation of cholesterol 
by dissolved molecular oxygen, releasing H2O2 as a side product of the reaction. 
Therefore, cholesterol can be analyzed indirectly by monitoring H2O2 generated in the 
enzymatic reaction using voltammetry or amperometry.9 The catalytic properties 
towards H2O2 reduction observed in the Ag SPEs following exposure to DBSA/KCl can 
be used for the development of a cholesterol biosensor. The enzyme would be first 
investigated in solution and subsequently attached to the electrode surface by means of 
an appropriate immobilization method. Several parameters such as buffer, pH and 
enzyme load would be assessed in order to provide optima analytical parameters for the 
sensor, e.g. sensitivity, LOD and reproducibility. Finally, both DBSA/KCl and ChOx 
would be inkjet printed and comparisons with the dip-coated biosensor would be 
performed. 
 
7.4.2. Fuel cells/printed fuel cells 
 
Fuel cells provide a possibility for high energy density due to a refuelling capability. 
As was previously mentioned, in order to achieve an acceptable performance of fuel 
cells, it is necessary the use of electrode materials with high catalytic activity for the 
electrochemical reduction of oxygen.10, 11 That implicated the use of expensive precious 
metals and very low oxygen diffusion through the solution phase. These drawbacks have 
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been generally addressed by using porous electrodes fabricated with high-area carbon as 
a conductive support and a catalyst for the oxygen reduction. To decrease the cathodic 
polarization and to enhance the electrode life, it is critical to eliminate effectively the 
peroxide form during the oxygen reduction.11 Therefore, DBSA/KCl modified Ag SPEs 
may be employed as catalysts for H2O2 reduction in the manufacture of fuel cells that 
use oxygen reduction. However, a fundamental problem with the use of oxygen (or any 
gaseous reactant) is the availability of the reactant at the active catalyst site on the 
electrode surface. Liquids reactants are notably more abundant at the active site than 
gaseous reactants, so the use of H2O2 as the fuel-cell oxidant is an alternative that have 
been already used in the literature.12, 13 Thus, Ag SPEs following modification with 
DBSA/KCl may be used for the fabrication of fuel cells that directly employ H2O2 as the 
fuel. The catalyst might be produced by dip-coating or inkjet printing, depending on the 
substrate required for the fuel cell. 
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7.5. SUMMARY AND OVERALL CONCLUSIONS 
 
The remarkable enhancement in the electrocatalytic activity towards H2O2 reduction 
observed on Ag SPEs after exposure to DBSA/KCl solutions has led to the development 
of novel H2O2 sensors and biosensors. This phenomenon was also exhibited by the 
electrodes after modification with other surfactant/salt combinations, although the 
highest activity was shown following exposure to DBSA/KCl on which most 
development was based. The electrode surfaces were characterized by SEM, EDX and 
XPS techniques. The modification process appeared related to the formation of 
spheroidal structures (mainly made of Ag and Cl) on the electrode surface which seemed 
to be involved in the catalysis and which showed structural changes after the electrode 
contact with H2O2 solutions. The formation of lamellar structures in the surfactant/salt 
solutions and their subsequent interaction with the electrode surface seemed to be a 
possible explanation for the noticeable enhancement showed by Ag SPEs towards the 
electrochemical reduction and decomposition of H2O2. An attempt to understand the 
phenomenon that brought about those results was performed. The modification of the 
electrode surface might lead to a surface that stabilized any of the intermediates for both 
processes. The change in the spheroidal structures after both phenomena seemed to 
interconnect the pathways for the reactions. However, the fact that a different level of 
enhancement was observed would suggest that both processes followed diverse 
mechanisms, as would be expected. Therefore, the modification of the surface might 
stabilize one common intermediate and then the reactions would go along their own 
mechanism. 
The binder present in the printing inks and the presence of rough or defects on the 
electrode surfaces were considered as possible explanations for the 
interaction/deposition of the lamellar structures on the electrode. In order to prove that 
theory, other metal substrates such as several silver electrodes, gold and platinum were 
also evaluated. All the SPEs also showed potential enhanced catalysis with the surface 
modification. Indeed, all modified electrodes that showed an increase in the catalytic 
activity on the electrochemical reduction also exhibited an enhancement in the 
decomposition process, although the improvements were not proportional. However, the 
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pure metallic electrodes (99.9% Ag and Au) did not show any particular enhancement 
after the modification. That again reinforced the possible involvement of the binder in 
the modification process.  
Silver, and particularly silver paste was the material that provided the greatest 
increase in catalytic responses to H2O2 reduction following modification. At the same 
time, these sensors exhibited low cost and easy manufacture characteristics that made 
them suitable to be used as platforms for the development of glucose biosensors. 
Surprisingly, it was found that the presence of both GOx and glucose at the modified 
electrode surface resulted in the destruction of the catalytic behaviour of the electrode, 
but either component alone did not cause this effect. To avoid this problem, a CA 
membrane was first deposited onto the modified electrodes. GOx was then covalently 
attached to the CA layer by means of HMDA and GA. The resulting biosensors showed 
a good LOD at a low applied potential (–0.1V vs. Ag/AgCl), which would make it 
effective in the presence of interferences such as ascorbic acid. However, the devices 
exhibited low reproducibility due partially to the high variability of the catalysis of the 
DBSA/KCl-modified electrodes. In order to improve such parameters, inkjet printing 
technique was used for DBSA/KCl deposition, leading to wider glucose concentration 
range of measurements (1 to 8·10-3 M) and more stable background currents. However, 
the catalytic activity of the sensors towards H2O2 was reduced in comparison to the dip-
coating DBSA/KCl modification. This result may be attributable to either the breakdown 
of the micellar/lamellar structure of the DBSA/KCl during the printing process, which 
would decrease the level of electrode modification, or the low volumes of modification 
solution in contact to the surface, which would lead to an incomplete modification 
process.  
To sum up, the discovery of the enhancement of the catalytic activity of Ag SPEs to 
the decomposition and electrochemical reduction of H2O2 following modification by 
DBSA/KCl represents the beginning of a new generation of direct H2O2 sensors and 
biosensors.  Combined with inkjet printing as a means of sensor fabrication, this has the 
potential to result in novel, low cost, mass producible electrochemical devices for a 
range of applications. 
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APPENDIX 1. Silver screen printed electrode design 
 
 
Ag SPE
PET substrate
DBSA/KCl surface modification
Cellulose Acetate membrane
Cross-linking reagent
Glucose Oxidase
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APPENDIX 2. A comparison of the developed hydrogen peroxide sensor with other 
devices reported in the scientific literature 
Electrode LOD/ 
M 
Sensitivity/ 
AM-1cm-2 
% r.s.d. Eapp/ V vs. 
Ag/AgCl 
Chapter/ 
Ref. (pg) 
HRP entrapped in a PPy film 
on C SPE 
-- 3.3·10-2 10.24 
(n=5) 
-0.3 1/ 29 (7) 
6/ 22 (173) 
HRP on a colloidal Au-
modified C SPE 
-- 0.307 2.3-2.7 
(n=10) 
-- 6/ 24 (174) 
PB modified C SPE 1.0·10-7 0.234 5 
(n=6) 
-0.05 6/ 23 (173) 
PB modified Au and Pt SPE -- 2 (Au) 
1 (Pt) 
-- -0.05 1/ 30 (7) 
GC modified with a 
composite of thionine, 
EDTA, MWCNTs and CHIT 
6.5·10-8 -- 5.6 
(n=3) 
-0.4 1/ 31 (7) 
Electropolymerization of 
aniline and SWCNTs on Pt 
1.2·10-6 -- -- -0.35 1/ 41 (11) 
Electroroughened Ag  6.0·10-6 -- 4.6 
(n=10) 
-0.35 1/ 12 (12) 
“Flowerlike” silver 
microspheres on GC 
1.2·10-6 -- < 5 -0.55 1/ 43 (12) 
AgNPs on GC 2.0·10-6 -- -- -0.7 1/ 4 (13) 
3/ 3 (51) 
AgNPs immobilized in a 
PVA film on Pt 
1.0·10-6 -- -- -0.55 1/ 2 (14) 
3/ 9 (51) 
Cu-plated C SPE 9.7·10-7 3.45·10-2 1.1 
(n=10) 
-0.3 1/ 49 (14) 
Nafion/Cu particulate 
modified GC 
1.6·10-6 -- -- -0.2 1/ 50 (14) 
PABS-modified GC 1.0·10-5 -- -- -0.7 1/ 25 (17) 
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AgNPs on CILE 7.0·10-7 -- -- -0.35 3/ 20 (51) 
NAD+ and SWCNTs 
modified GC 
1·10-11 -- -- -0.25 3/ 22 (52) 
DBSA/KCl modified Ag 
SPEs (Present work) 
1.1·10-6 7.1·10-3 -- -0.1 3/  (50) 
Dip-coated DBSA/KCl 
modified Ag SPEs  
(Present work) 
-- 8.1·10-2 9-13 
(n=10) 
-0.1 6/ (171) 
Inkjet printed DBSA/KCl 
modified Ag SPEs  
(Present work) 
-- 4.9·10-2 8-17 
(n=8) 
-0.1 6/ (171) 
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APPENDIX 3. A comparison of the developed glucose biosensor with other devices 
reported in the scientific literature 
 Electrode LOD/ 
M 
Sensitivity/ 
AM-1cm-2 
% r.s.d. Eapp/ V vs. 
Ag/AgCl 
Chapter/ 
Ref. (pg) 
GOx immobilized by cross-
linking with GA and Nafion 
on a PB-modified C SPE 
2·10-5 5.4·10-2 -- 0.0 1/ 76 (23) 
GOx immobilized by Nafion 
on a PB-modified GCE 
-- 1.8·10-4 -- 0.18 5/ 15 (119) 
GOx immobilized on a PB 
nanoparticles and MWCNTs 
modified GCE 
1.3·10-5 -- 4.7 
(n=8) 
0.0 5/ 16 (119) 
GOx and NiO nanoparticles 
co-deposited on a GCE 
2.4·10-5 -- -- 0.3 5/ 23 (119) 
Layer-by-layer deposition of 
GOx and chitosan on a PB-
modified Au electrode 
3.1·10-6 -- -- 0.05 5/ 24 (119) 
GOx and Cu-modified CNTs 
paste electrodes 
2·10-5 
 
2.97·10-5  12 
(n=5) 
-0.1 5/ 25 (119) 
Cu-hexacyanoferrate and 
GOx dispersed within a 
screen-printable C ink 
-- -- 9.6 
(n=12) 
-0.1 5/ 30 (120) 
GOx/Nafion immobilized on 
a RhO2-C SPE 
1.1·10-6 -- 1.8 
(n=5) 
-0.2 5/ 32 (120) 
GOx immobilized with GA 
on poly (neutral red) 
modified CA/C composite 
2.0·10-6 3.15·10-2 5.0 -0.3 5/ 37 (125) 
GOx immobilized into 
AgNP-doped silica sol-gel 
and PVA hybrid film on a 
PB-modified C SPE 
3.9·10-3 2.0·10-2 7.6 
(n=12) 
0.0 5/ 54 (135) 
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GOx/ Ferri-COs modified C 
SPEs 
1.4·10-3 6.77·10-4 
AM-1 
-- 0.3 5/ 58 (145) 
GOx immobilized by GA 
and Nafion on a PB-modified 
C SPEs 
2.5·10-5 5.4·10-2 7.0 
(n=5) 
0.0 5/ 22 (145) 
6/ 29 (184) 
Multilayer films of 
MWCNTs/GNp/GOx on Pt 
6.7·10-6 2.5·10-3 
AM-1 
2.1-5.5 
(n=5) 
0.35 5/ 59 (146) 
GOx/CoPC/C SPE 2.5·10-5 1.3·10-2 3.3 
(n=6) 
0.55 6/ 27 (183) 
GOx entrapped into a 
PEDOT layer on a PB-
modified C SPE 
-- 2.67·10-3 2.54 -0.1 6/ 28 (184) 
Ag SPE/ DBSA/KCl/ CA/ 
GOx (Present work) 
DBSA/KCl dip-coated 
8.9·10-5 1.2·10-3 20-50 
(n=6) 
-0.1 5/ (144) 
Ag SPE/ DBSA/KCl/ CA/ 
GOx (Present work) 
DBSA/KCl inkjet printed 
1.6·10-4 7.0·10-4 16-28 
(n=6) 
-0.1 6/ (182) 
 
